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A graphical summary of our research work on oxide and metal hybrid nanostructures. 
The research includes development of fabrication techniques for metal@silicon oxide 
nanostructures (yellow quadrant) and its SERS detection. Metal@titanium oxide 
nanostructures (green quadrant) and its catalytic application, and metal-on-silicon 
oxide hole-array nanostructures (pink quadrant) and its localised surface plasmon 
resonance (LSPR) optical biosensing application.  
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Oxide and metal hybrid nanostructures is a very well researched subject today, and 
demonstrations of their synthesis, properties and applications are extensive. However, 
their well-controlled fabrication on a nanoscale level is still limited, and the lack of 
synthesis techniques that combine fabrication precision with high throughput, poses 
great challenges to the large-scale use of nanomaterials. This work relates to the 
development of new preparation processes with an aim to resolve some of the existing 
issues related to nanostructure mass-fabrication. We adopt the use of chemical and 
physical nanostructuring approaches for the creation of nanostructures with complex 
architecture, and for size-reduction in order to achieve nanoscale dimensions. Finally, 
we perform systematic characterization and demonstrate potential applications in 
order to demonstrate the unique properties of these nanostructures of this work. 
 
In the first part of this thesis, we develop a “green” aqueous synthesis technique using 
3-mercaptopropyl-trimethoxysilane (MPTMS) as a water-soluble silane precursor for 
preparing highly monodispersed silicon-oxide nanoparticles, which have attracted 
much research interest as nanomaterials for biotechnological applications as they are 
optically transparent, biocompatible, chemically and thermally stable, well-dispersible 
in solution, and environmentally inert. The silica growth mechanism using MPTMS is 
elucidated by comparing between different silane precursors with similar chemical 
structures and monitoring the hydrolysis and condensation process. The time-
dependent growth, morphology, chemical composition and surface charge of 
synthesized silica particles are systematically characterized. In addition, the particles 
grown using this synthesis technique are used in diverse applications such as 
nanoparticle-patterning for chemical sensing, photonic crystal and FRET applications. 
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In the second part of this thesis, we extend our aqueous synthesis method using 
MPTMS into a universal coating technique for fabricating silicon oxide-encapsulated 
metal nanostructures (metal-core/oxide-shell), which are extensively explored as 
multifunctional core-shell nanomaterials for nanobiotechnology applications       
(Asefa et al., 2010). An oxide-shell maintains chemical stability and photostability, 
imparts water-solubility, biocompatibility and introduces surface-functionality to the 
core (Selvan et al., 2009). An aqueous synthetic route allows us to overcome a key 
challenge of colloidal instability faced by existing silica-coating techniques when 
metal colloids are transferred into organic solvents such as ethanol or isopropanol for 
silica-coating. By adopting an aqueous sol-gel coating strategy, we can stably produce 
large quantities of core-shell nanostructures via a one-pot synthesis route using  
water-soluble MPTMS as a silane precursor. This simple technique allows fast and 
extensive silica-coating of metallic nanocrystals within a few hours; without any need 
to transfer into alcoholic medium, dialysis or a change in reaction mixture, which are 
necessary when using existing techniques such as Stöber process or reverse 
microemulsion. This general synthetic route promotes green chemistry through 
sustainable material synthesis through the use of an inexpensive, non-toxic and 
ecologically friendly water solvent in place of organic toxic solvents such as ethanol 
or isopropanol. We demonstrate the strong potential of this technique in the large-
scale fabrication of metal-core/oxide-shell nanostructures, doped with surface-adsorb 
dye molecules to produce SERS nanotags, which exhibit strong surface enhanced 




The third part of the thesis describes the design and fabrication of eccentrically-
shaped titanium oxide-encapsulated metal nanostructures (metal-core/oxide-shell) as 
highly efficient and reusable nanocatalyst using a simple synthesis technique. A 
“green”, inexpensive and water-soluble polysaccharide, hydroxypropyl cellulose, is 
used as a surface-capping agent to first surface-stabilize gold core-nanoparticle to 
allow stable transfer into alcohol for subsequent titanium oxide-shell encapsulation. 
Titanium diisopropoxide bis(acetylacetonate), is used as precursor for sol-gel coating 
of TiO2 onto the metal cores as it has a slow hydrolysis rate, which helps to reduce 
secondary nucleation and promote shell-growth of TiO2 for well-controlled high-yield 
fabrication of asymmetric metal@oxide nanostructures. These non-concentric      
core-shell nanostructures consist of a thinner TiO2 shell on one side of the metal core 
while having a thicker shell on the opposite side. It is found that this non-symmetrical 
structure allows faster diffusional access to the metal surface by the reactants via the 
thinner shell while the thicker shell ensures its high dispersibility. The reusability of 
these eccentric metal@TiO2 nanostructures as highly stable and “green” nanocatalysts 
in the reduction of 4-nitrophenol is demonstrated and the nanostructures are shown to 
maintain their high catalytic performance over multiple cycles.  
 
In the fourth part of this thesis, we describe the development of a new subsurface 
imaging technique using SEM for large-scale imaging and analysis of metal-oxide 
nanostructures with well-defined core-shell architecture. This subsurface imaging 
technique offers several benefits such as simplicity in sample preparation, low-voltage 
imaging and high contrast-visibility of nano-sized metallic subsurface features buried 
inside an oxide shell. This simple and rapid imaging tool allows us to visualize hidden 
 xi 
embedded nanostructures in large numbers, not achievable by TEM imaging. We 
elucidate the subsurface imaging mechanism and show that this technique can be 
flexibly tuned to visualize both the surface topography or subsurface structure of core-
shell nanostructures by manipulating the (1) surface coating, (2) substrate type, (3) 
acceleration voltage, and (4) substrate cavity. This technique will be useful for 
carrying out rapid screening of a large quantity of metal-core/oxide-shell 
nanostructures for a quick quality-control and yield-analysis, which is crucial in an 
industrial mass-production environment, as well as for troubleshooting problems 
related to the development of new synthesis techniques and core-shell architectures. 
 
In the fifth and final part of this thesis, we developed another type of metal-oxide 
nanostructures, made up of metal-hole/oxide-cavity, using a physical top-down 
technique. Plasmonic sensors made up of large (centimeter-scale) gold metallic thin 
films patterned with ordered nanohole-arrays, adhered onto silicon-oxide substrate, 
are fabricated using this new technique. This simple and rapid fabrication method 
adopts a two-step “print & etch” procedure which combines nanocontact-printing with 
plasma-etching into creating unique “metal hole + substrate cavity” architectures. The 
technique enables tuning of the metal-oxide nanostructures down to nanometer-scale 
precision, and optimizes its sensitivity (nm/RIU) via the control of the underlying 
substrate’s nanocavity by simply varying the plasma-etching time. This method 
presents a strong commercial potential for low-cost high-throughput production of 
plasmonic sensors because it allows parallel processing, infinite replication of 
nanoscale patterns and does not require sophisticated tools. Finally, the promising 
potential of these tunable plasmonic sensors is shown in practical applications such as 
optical biosensing and SERS detection of monolayer of chemical molecules.  
 xii 
In summary, the body of this work describes our efforts in developing simple 
fabrication techniques for preparing metal-oxide hybrid nanostructures via bottom-up 
and top-down nanostructuring approaches by using sol-gel wet chemical synthesis and 
physical contact-printing technique, respectively. We have adopted some clean and 
green strategies, such as minimization of patterning steps, one-pot synthesis under 
room temperature, use of inexpensive, nontoxic, environmentally-friendly solvents, in 
support of sustainable materials synthesis, while achieving high-yield large-scale 
production volume. We hope that this work brings us closer towards scaleup 
production and commercialization of oxide and metal hybrid nanostructures with 
complex architectures and unique properties. 
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Figure 1.1. TEM images of silica shell deposited on 15 nm diameter Au nanoparticles 
by Stöber process using TEOS and ammonia in ethanol solution. The shell 
thicknesses are (A) 10 nm, (B) 23 nm, (C) 58 nm, and (D) 83 nm. (Liz-Marzan et al., 
1996) 
 
Figure 1.2. (A-D) TEM images of flower-like Au@TiO2 core-shell nanostructures by 
hydrothermal reaction of titanium tetrafluoride, with increasing size of Au cores. 
Scalebar: 200 nm (Li et al., 2005). TEM image of TiO2-coated Ag nanoparticles 
Ag@TiO2 using Ag cores of (E) 4 nm diameter and (F) 20 nm diameter size, 
produced by hydrolysis and condensation of titanium butoxide (Liz-Marzan et al., 
2000). 
 
Figure 1.3. TEM images of core-shell nanostructures of (A) Ag@ZrO2; (B) also at 
under high magnification (Tom et al., 2003). TEM images of (C) Au@MnO 
nanoflowers; (D) also at under high magnification (Schladt et al., 2010). TEM images 
of Au@Cu2O synthesized using (E) octahedral, and (F) highly faceted Au 
nanocrystals (Kuo et al., 2009). 
 
Figure 1.4. (A)(i) Synthetic scheme outlining the production of silica-coated metal 
nanoparticles and TEM images of monodisperse (ii) Au@SiO2, (iii) Ag@SiO2, and 
(iv) Pt@SiO2 nanoparticles via a direct silica-coating of post-citrate-stabilized metal 
nanoparticles of ~50 nm in size (Liu et al., 2005a, 2005b and 2007). (B) TEM images 
of (i) 14 nm Au@SiO2 and (ii) 26 nm Ag@SiO2 nanoparticles as synthesized by the 
PVP stabilization/protection mechanism as illustrated in (iii) (Graf et al., 2003). 
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Figure 1.5. TEM micrographs of 12 nm oleylamine-stabilized Au nanoparticles (A) 
before and (B) after silica coating by the reverse microemulsion method (overall 
particle size of 24 nm). (Inset) Solubility of the corresponding particles in 
cyclohexane (upper layer) and methanol (lower layer) respectively. TEM micrographs 
of oleylamine-stabilized Ag nanoparticles (C) before and (D) after silica coating by 
the reverse microemulsion method. (Inset) Solubility of the corresponding particles in 
cyclohexane (upper layer) and methanol (lower layer). (Han et al., 2008) 
 
Figure 1.6. (A) Schematic of the surface reactions involved in the formation of a thin 
silica shell around a citrate-stabilized gold particle. Transmission electron 
micrographs of 15 nm gold particles coated with thin silica layers for (B) 42 hours, 
and (C) 5 days. (Liz-Marzan et al., 1996) 
 
Figure 1.7. (A) (i) SEM image and (ii) confocal scanning laser fluorescence image of 
single dye-doped fluorescent silica nanoparticles (van Blaaderen et al., 1992). (B)(i) 
SEM image of multi-dye doped silica nanoparticles, (ii) fluorescence emission spectra 
of silica nanoparticles doped with one, two, or three types of fluorophores, and (iii) 
photograph of the doped nanoparticles under 300 nm wavelength illumination (Wang 
et al., 2006).  
 
Figure 1.8. (A) (i) Schematic illustration of the synthesis of silica-coated SERS-
active gold colloids, which involves (ab) attaching MGITC Raman tag, (bc) 
coating with surface coupling agent MPTMS, and (cd) silica-coating with sodium 
silicate. (ii) SERS spectra of silica-coated malachite green isothiocyanate (MGITC) 
gold nanoparticles (inset: SEM image) (a) before and (b) after the addition of excess 
crystal violet. (Doering et al, 2003) (B) (i) Schematic illustration of synthesis of 
silica-coated Raman tags using sodium silicate and TEOS as silane precursors. (ii) 
SEM images of silica-coated Raman tags with Au core (left) and Ag core (right), and 
(iii) SERS spectrum of sample labeled with 4-mercaptopyridine (Mulvaney et al., 
2003). 
 
Figure 1.9. SEM image of Au hole-array nanostructures (A) with periodicity of 450 
nm and a hole diameter of 195 nm fabricated using nanosphere lithography (Murray 
et al., 2010), (B) with periodicity of 600 nm and a hole diameter of 100 nm in a total 
area of 150 μm x 150 μm fabricated using electron beam (e-beam) lithography (Lee et 
al., 2007),  (C) with periodicity of 400 nm and a hole diameter of 100 nm in a total 
area of 3 cm x 4 cm fabricated using photolithography (Henzie et al., 2007), and (D) 
with periodicity of 330 nm and a hole diameter of 150 nm in a total area of 2.5 μm x 
2.5 μm fabricated using focused ion beam (Jiun et al., 2008) 
 
Figure 1.10. (A) Synthesis procedure for an Au@SiO2 yolk-shell type nanoreactor. 
Transmission electron microscopy images of Au@SiO2 nanoreactors (B, C and D) 
and silica hollow shells (E). Gold core diameters are etched down to (B) 104 nm, (C) 




Figure 2.1. Schematic outlining the preparation process of monodispersed silica 
nanoparticles in aqueous solution using MPTMS as the sole silica source. The process 
is broken up into 3 stages: (A) MPTMS is added into water forming oil droplets, (B) 
mixture is kept under shaking at 300 rpm for 2-3 hours, where MPTMS is hydrolysed 
to give a clear solution, and (C) silica nanoparticles are formed through condensation 
under basic conditions with ammonia catalyst. 
 
Figure 2.2. SEM images showing monodispersed silica nanoparticles of diameter 250 
nm and 450 nm synthesized after shaking in aqueous solution for (A) 1 hour, and (B) 
3 hours respectively, using MPTMS as the sole silica source and ammonia as the 
condensation catalyst. 
 
Figure 2.3. Chemical structures of silane precursors, (A) tetraethoxysilane, TEOS; 
(B) tetramethoxysilane, TMOS; and (C) 3-mercaptopropyl-trimethoxysilane, 
MPTMS. 
 
Figure 2.4. Molecular structures of (A) neat MPTMS monomer, and (B-E) self-
hydrolysed MPTMS with four different Si silane centers, indicated in yellow. There 
are four possible silane centers that may be observed in 29Si NMR spectra, namely T0, 
T1, T2 and T3. The peaks are named T0, T1, T2 or T3 to denote that there are three 
potential (Si-OH) silanol groups on the silane that could condense with another silane 
to form a siloxane bond (Si-O-Si) and the subscript number indicates the number of 
times the silane Si center has condensed. The Tn notation denotes the connectivity of 
silicon atoms with each other. Brackets () indicate repeating units.  
 
Figure 2.5. UV-vis spectroscopy of hydrolysis of MPTMS in water over 24 hrs. (A) 
shows the UV-vis absorbance spectra, and (B) shows the time-evolved absorbance 
intensity measured at 300 nm wavelength.  
 
Figure 2.6. Liquid 29Si NMR spectra of (A) neat MPTMS in acetone-d, (B) 
hydrolysed MPTMS solution after 2 hours, and (C) after 9 hours. (D) shows the solid 
29Si NMR spectrum for MPTMS silica particles. Tn represents the n possible silane 
centers that could condense to form a siloxane (Si-O-Si) bond.   
 
Figure 2.7. Time-evolved growth of silica nanoparticles synthesized using MPTMS 
as a silane precursor in aqueous solution. 
 
Figure 2.8. SEM of silica nanoparticles synthesized over time, at (A) 0.5, (B) 1, (C) 2, 
(D) 3, (E) 4, (F) 5, (G) 6, (H) 7, (I) 8, and (J) 9 hours. Scalebar represents 1 μm.  
 
Figure 2.9. XRD spectra of silica nanoparticles synthesized using different silane 
precursors, namely (A) TEOS in red, (B) TMOS in green and (C) MPTMS in blue 
colour. 
 
Figure 2.10. (A) TEM image of silica nanoparticles synthesized using MPTMS 
precursor, and (B) high resolution TEM image showing the amorphous silica shell.   
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Figure 2.11. Energy-dispersive x-ray spectrum of silica nanoparticles synthesized 
using MPTMS. Inset: SEM images of the same particles. 
 
Figure 2.12.  UV spectra of DTNB solution (red) and mixture of DTNB and MPS 
colloidal particles (black). 
 
Figure 2.13. Zeta potential measurements of Stöber particles (black) and MPTMS 
particles (red). Both concentrations used are 0.3 mg/mL and pH is adjusted using 0.1 
M of HCl and 0.1 M of NaOH.   
 
Figure 3.1. Schematic outline of nanoparticle patterning, showing (A) a 1.5 x 2 cm 
glass slide is used as substrate, (B) patterned positive photoresist on glass using 
photolithography, (C) a monolayer of APTES is coated onto the glass, followed by 
spin-coating silica nanoparticles of 500 nm diameter onto the pattern, and (D) 
patterned nanoparticles on glass, achieved by using SMCC as a cross-linker to 
covalently bind the thiol-functionalized particles onto amine-functionalized glass and 
removing the photoresist with acetone.    
 
Figure 3.2. (A) Schematic showing the one-step covalent binding of silica 
nanoparticles onto the glass substrate and also, surface functionalization of the 
particles’ surface with amine reactive NHS ester groups by simply adding SMCC. 
SMCC reacts covalently with thiol groups on the silica nanoparticles and amine 
groups on the glass, to attach the spheres onto glass. At the same time, the spheres 
become amine-reactive, capable of immobilizing chemicals or biochemicals with 
amino groups. (B)(i) Heterobifunctional cross-linking agent SMCC with maleimide 
and NHS ester reactive groups. (ii) SMCC with thiol-reacted maleimide groups, 
forming thioether bond, and amine-reactive NHS ester groups still available. (iii) 
Fully reacted SMCC with thioether and amide crosslinking bonds on both sides. 
 
Figure 3.3. SEM images of 450-nm-sized silica particles patterned into 25 μm width 
triangular micropatterns, showing (A) 3 x 4 patterned array, (B) one single close-
packed triangular nanoparticle assembly, and (C) close-up of micropattern edge. (D) 
shows the fluorescence detection of surface-immobilized amine groups on 
micropatterned nanoparticles using fluorescamine.  
 
Figure 3.4. SEM images of 450-nm-sized silica particles patterned into 100 μm width 
hexagonal micropatterns, showing (A) one single hexagonal micropattern, (B) closed-
packed nanoparticle assembly, and (C) close-up of micropattern edge. (D) shows the 
fluorescence detection of surface-immobilized amine groups on micropatterned 
nanoparticles using fluorescamine. 
 
Figure 3.5. SEM images of 450-nm-sized silica particles patterned into 50 μm width 
circular micropatterns, showing (A) 5 x 5 patterned array, (B) one single close-packed 
triangular nanoparticle assembly, and (C) close-up of micropattern edge. (D) shows 
the fluorescence image of surface-immobilized amine groups on micropatterned 
nanoparticles using fluorescamine. 
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Figure 3.6. Photograph of vibrant and intense rainbow colours due to diffraction of 
white light at different tilting angles caused by large arrays of high quality photonic 
crystals, formed by close-packed self-assembly of silica nanoparticles micropatterned 
onto 1.0 × 1.5 cm glass substrate. Red arrow indicates area where silica particles are 
disordered and poorly crystallized, resulting in diffused white light. 
 
Figure 3.7. Schematic procedure outlining the one-pot aqueous synthesis of 
monodispersed fluorescent dye-doped silica nanoparticles using MPTMS as silane 
precursor. (A) Mix hydrolysed MPTMS and ammonia catalyst in aqueous solution 
under vigorous shaking to form mercapto-silica nanoparticles. (B) Add ionic dye into 
solution. (C) Continue shaking and coating an outer layer of silica shell. 
 
Figure 3.8. Schematic diagram showing the one-pot aqueous synthesis of 
monodispersed FRET silica nanoparticles. (A) Nanoparticles synthesized in aqueous 
solution using MPTMS as silane precursor. (B) Adsorption of FRET dye-pair onto 
silica surface, and (C) Encapsulation of dye-doped silica core by further continuing 
silica growth. 
 
Figure 3.9. SEM images showing the time-evolved growth of monodispersed 
fluorescent silica nanoparticles doped with Rhodamine 6G (R6G) dye, synthesized 
over a time period of 0.5, 1.0, 1.5, 2.5, 4.5, 6.5, 10, 14 and 18 hours (A-I). R6G dye 
was added after 0.5 hours of synthesis. Same particles with and without UV light 
excitation (J). Scale bar: 1 μm. 
 
Figure 3.10. (A) Photoluminescence spectra and (B) its corresponding time-evolved 
peak intensities of unbound residual dye Rhodamine 6G (R6G) dye remaining in 
supernatant. (C) UV absorbance spectra and (D) its corresponding time-evolved peak 
intensities of unbound residual dye remaining in supernatant. Arrow indicates the 
rapid decrease in unbound residual dye remaining in the supernatant within the first 
few minutes.  
 
Figure 3.11. Strong adsorption of 5 organic dyes (dye concentration 2 μM, 3 mL), 
namely (A) Rhodamine 101 - R101, (B) Rhodamine B - RB, (C) Rhodamine 123 - 
R123, (D) Rhodamine 6G - R6G, and (E) Acridine Orange - AO, onto silica 
nanoparticles synthesized using MPTMS. PL intensity of both dye and silica 
nanoparticles (bold line), and unbound residual dyes in supernatant after removing the 
silica nanoparticles (dashed line). Inset: Dye chemical structure.  
 
Figure 3.12. Poor adsorption of 5 organic dyes (concentration 2 μM in 3 mL), namely 
(A) Rhodamine 116 - R116, (B) Rhodamine 110 - R110, (C) Sulfo-Rhodamine 101 - 
SR101, (D) Carboxy-X-Rhodamine - ROX, and (E) Coumarin 343 - C343, onto silica 
particles synthesized using MPTMS. PL intensity of both dye and silica nanoparticles 
(bold line), and of unbound residual dyes remaining in supernatant after removing the 




Figure 3.13. PL measurements showing FRET between donor-acceptor dye-pair 
electrostatically adsorbed onto silica nanoparticles synthesized using MPTMS. FRET 
donor-acceptor dye-pairs are namely (A) cationic AO and  cationic R6G, (B) cationic 
RB123 and cationic R6G, (C) cationic R6G and zwitterionic RB, and (D) zwitterionic 
RB and zwitterionic R101, which are excited at wavelengths 490, 500, 520 and 550 
nm respectively. 
 
Figure 3.14. Stern-Volmer plots (red line represents the linear fit to data) of MPTMS-
based silica particles doped with different FRET donor-acceptor dyes, namely (A) 
AO-R6G, (B) R123-R6G, (C) R6G and RB, and (D) RB and R101, and their 
corresponding plots for free dye-pairs in neat water solution (green line), at excitation 
wavelengths 490, 500, 520 and 550 nm respectively. I0/I represents the ratio of the 
donor’s intensity I0 in the absence of the quenching acceptor to the donor’s intensity I 
in the presence of quenching acceptor. The Stern-Volmer quenching constant “Ksv” is 
obtained from the slope of the linear fits, and it indicates the energy transfer 
efficiency between the donor and acceptor within the respective host system. “NEG” 
indicates no observable energy transfer. 
 
Figure 4.1. Schematic diagram outlining the environmentally-friendly large-scale 
silica-coating synthesis of silica-coated metal nanoparticles in aqueous solution using 
MPTMS as a water-soluble silane precursor. (A) MPTMS is first hydrolysed in water, 
then (B) citrate-stabilized Au nanoparticles and ammonia were added and (C) the 
mixture is shaken at room temperature. Silica-coating steps are similar for gold, silver 
and platinum nanoparticles.  
 
Figure 4.2. Schematic showing hydrolysis, chemisorption, condensation and 
crosslinking processes during silica coating of Ag nanoparticles using MPTMS  
Figure 4.3. TEM images of Ag@SiO2 of different shell thickness at various coating 
times of (A) 0 hr, (B) 1 hr, (C) 3 hr and (D) 5 hr. Corresponding UV spectra showing 
red-shift of silver surface plasmon peaks with increasing coating time (F). Scale bar = 
50 nm 
Figure 4.4. (A) TEM image of silica-coated silver nanoparticles. (B) HR-TEM image 
of amorphous silica shell. 
Figure 4.5. TEM image showing anisotrophic silica deposition onto Ag nanoparticles 
50 nm in diameter after 30 minutes of silica coating. Arrows indicate the uncoated 
portions of silver particle surfaces. Scale bar = 50 nm 
Figure 4.6. EDX spectral analysis of (A) bare silica SiO2 nanoparticles, (B) silica-
coated silver nanoparticles Ag@SiO2. Insets: Corresponding TEM images of SiO2 and 
Ag@SiO2. The C peaks appear due scattering caused by carbon tape on the SEM 
sample mount.  
 
Figure 4.7. TEM images showing silica-coating on (A) 50 nm Au, (B) 50 nm Ag, (C) 
50 nm Pt, and (D) 15 nm Au nanoparticles. Scale bar = 100 nm (for A, B and C) and 
50 nm (for D) 
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Figure 4.8. Electron microscopy images of silica-coated silver nanoparticles 
Ag@SiO2 of ~200 nm in diameter synthesized in large scale quantities of ~1000 mg. 
(A) TEM, (B) SEM under high magnification, and (C) SEM image under a large field 
of view. Scale bar represents 200 nm (A) 100 nm (B) and 1 μm (C) 
 
Figure 4.9. Peak UV absorbance intensity against time for bare silver nanoparticles 
(Black) and silica coated silver nanoparticles Ag@SiO2 (Red) in ammonia (3 wt%). 
 
Figure 4.10. TEM images showing the synthesis of yolk-shell nanostructures via 
controlled anisotropic etching of Ag@SiO2 in ammonia (3 wt%) over (A) 0 hr, (B) 6 
hr, (C) 12 hr, and (D) Schematic diagram of nanoparticle. Arrows indicate 
anistrophically etched immovable Ag cores inside semi-hollow silica shells. Red 
arrow indicates the highly directional etching process. The shape of residual cores 
closely matches the inner profile of the silica shell indicating that they have not 
dislodged from their original positions due to strong bonding between silver and 
intrinsic thiol groups on the inner silica shell surface. Scale bar represents 200 nm.  
 
Figure 4.11. A universal silica-coating method for environmental-friendly large-scale 
production of SERS-active dye-doped Ag@SiO2 or Au@SiO2 in aqueous solution. 
Steps are similar using different SERS-active molecules such as MPM, crystal violet 
CV or rhodamine 6G as dopants. 
 
Figure 4.12. Schematic (Top) of synthesis technique for dye-doped silica coated 
SERS nanotags. (Bottom) SEM and (Inset) TEM images of SERS-active R6G-doped 
silica-coated silver nanoparticles R6G/Ag@SiO2 of ~200 nm in diameter. Inset scale 
bar: 200 nm. 
 
Figure 4.13. (top) SERS spectrum of R6G/Ag@SiO2. (bottom) UV absorbance 
spectra of (blue curve) Ag nanoparticles, (red curve) Ag@SiO2, (black curve) 
R6G+Ag@SiO2, (green curve) R6G@SiO2, and (pink curve) aqueous R6G.  
 
Figure 4.14. (A) SERS spectrum of crystal violet (CV)-doped silica-coated silver 
nanoparticles, CV+Ag@SiO2, and (B) 2-mercapto-pyrimidine (MPM)-doped silica-
coated silver nanoparticles, MPM+Ag@SiO2.  
 
Figure 5.1. Simple and high-yield synthesis of eccentric Au@TiO2. Citrate-stabilized 
Au nanoparticles are first surface-stabilized using hydropropyl cellulose (HPC) and 
transferred into isopropanol solvent for titania sol-gel coating process using titanium-
diisopropoxide-bis(acetylacetonate) as TiO2 precursor and ammonia as catalyst.  
 
Figure 5.2. (a-c) TEM images of (a) 50-nm Au cores, (b) Au@TiO2 (5/25) and (c) 
Au@TiO2 (5/125) nanostructures. The thinner sides of the TiO2 shells are shown 
(insets) for (b) and (c). Scale bars of inset = 5 nm. (d) UV-visible absorption spectra 
and schematic (inset) of 50-nm Au cores, Au@TiO2 (5/25) and Au@TiO2 (5/125) 
nanostructures, showing red-shifts in the surface plasmon resonance peaks of the Au 
cores with increasing shell thickness. 
 
 xx 
Figure 5.3. (a) TEM image of a Au@TiO2 (5/125) nanostructure, showing the 
locations of regions i-iii. (b-c) HRTEM images of the thicker side of the TiO2 shell in 
(b) region i and (c) region ii. (d) HRTEM image of the thinner side of the TiO2 shell 
in region iii.  
 
Figure 5.4. TEM images of 40-nm Ag nanoparticles coated with TiO2 shells.  
 
Figure 5.5. The absorbance vs. concentration curve of 4-nitrophenol (in a 20 mM 
sodium borohydride solution), showing the region where Beer-Lambert Law is 
fulfilled.  
 
Figure 5.6. Catalytic reduction of 4-nitrophenol into 4-aminophenol by sodium 
borohydride using Au@TiO2 (5/125) nanostructures. (a) Time-dependent evolution of 
UV-visible absorption spectra. The reaction is essentially complete at 20 min. (b) The 
conversion of 4-nitrophenol as a function of reaction time during 20 min. (c) The 
conversion of 4-nitrophenol as a function of cycles, showing the effect of citrate 
treatment after every cycle. (d) Raman spectra of the catalysts after the second cycle 
of use and upon citrate treatment.  
 
Figure 5.7. Conversion of 4-nitrophenol as a function of cycles using Au@TiO2 (5/25) 
catalysts, showing the effect of citrate treatment after every cycle. 
 
Figure 5.8. (a) The conversion of 4-nitrophenol as a function of reaction time using 
both Au@TiO2 (5/25) and Au@TiO2 (5/125) catalysts. (b) Schematic to explain the 
proposed diffusion pathway of the reactant, 4-nitrophenol (4-NP) and the product, 4-
aminophenol (4-AP) in (i) Au@TiO2 (5/25) and (ii) Au@TiO2 (5/125) catalysts. 
 
Figure 5.9. TEM images and UV-visible absorption spectra of (a) Au@TiO2 (5/25) 
and (b) Au@TiO2 (5/125) catalysts before and after five cycles of use. Scale bars = 
100 nm. 
 
Figure 5.10. The conversion of 4-nitrophenol as a function of cycles using Au@TiO2 
catalysts and bare Au nanoparticles. 
 
Figure 5.11. The 50-nm bare Au nanoparticles subject to five cycles of reuse: (a) UV-
visible spectra changes before and after five cycles of reuse, showing the drastic drop 
in the plasmon resonance peak of Au at 542 nm and the appearance of a broad peak at 
790 nm, indicating aggregation of the Au nanoparticles. (b-c) TEM images of Au 
nanoparticles (b) before and (c) after five cycles of reuse, showing aggregation of the 
nanoparticles. (d) HRTEM image of Au nanoparticles after five cycles of reuse. The 
image shows linking of the lattices of aggregated nanoparticles, indicating irreversible 
aggregation. 
 
Figure 5.12. SEM image of eccentric Au@TiO2 catalysts (A) under high 
magnification (B) synthesized in large scale quantity.   
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Figure 5.13. Au@TiO2 catalysts under solar illumination (as a source of UV 
radiation). (A) The conversion of 4-nitrophenol as a function of reaction time, 
showing the increase in conversion rate using Au@TiO2 catalysts under solar 
illumination. This can be ascribed to the photogeneration of excited electrons in TiO2 
which helps in the reduction process. (B) The fifth cycle of use is shown. 
 
Figure 6.1. (A) Surface and subsurface SE images of silica-coated gold nanostructure 
taken by adjusting the acceleration voltages from 6, 10, to 16 kV (left to right), (B) 
subsurface image in large-scale quantity. (C) Subsurface SE image of eccentric 
titania-coated gold nanostructures (left) in large quantity, and (right) image under high 
magnification.  
 
Figure 6.2. Schematic depicting the interaction volume between beam/sample, 
penetration depth of incident primary electrons PE, generation of secondary electrons 
SE and backscattered electrons BSE.  
 
Figure 6.3. Schematic showing the mounting positions of Everhart-Thornley detector 
ETD and through-the-lens detector TLD. TLD is positioned above the objective lens 
whereas ETD is laterally mounted next to the sample. SE1 and SE2 represent 
secondary electrons which were emitted directly from the sample and spiral up the 
optical axis to TLD. SE3 represents secondary electrons emitted from chamber walls. 
BSE represents backscattered electrons emitted from the sample and detected by ETD. 
(Goldstein et al., 2003)  
 
Figure 6.4. Electron contributions by SE1, SE2, SE3 and BSE signals to subsurface 
images of silica-coated gold nanoparticles. (Left column images) SEM images taken 
using Everhart-Thornley detector ETD, capable of detecting SE1, SE2, SE3 and BSE 
signals. (Middle column images) “Through-the-lens” detector TLD biased at +20 V, 
capable of detecting SE1, SE2 and BSE signals. (Right column images) TLD biased 
at -50 V for rejecting SE signals and detecting BSE signals. All images were taken at 
different acceleration voltages 2, 9, and 15 kV. 
 
Figure 6.5. SEM images of core-shell nanoparticles with 50-nm gold core 
encapsulated with ~85 nm thick silica shell with (A) schematic of particles coated 
with thin layer of gold coating, (B) its corresponding SEM image, (C) schematic of 
coating-free particles, and (D) its corresponding SEM image taken at 15 kV.  
 
Figure 6.6. TEM micrograph of 50-nm sized gold nanoparticles used for preparing 
silica-coated nanoparticles.  
 
Figure 6.7.  SEM images of core-shell nanoparticles on different substrate materials: 
(A) non-conductive glass taken at acceleration voltage 5 kV, (B) gold-coated glass, (C) 
ITO-coated glass and, (D) carbon-coated glass taken at acceleration voltage 15 kV. 




Figure 6.8. (A) SEM images of core-shell nanoparticles under different acceleration 
voltage and magnification. Note the gradual imaging transition from 2D surface 
topography to 3D internal core-shell structure with increasing voltage. Brightness and 
contrast settings are kept unchanged. (B-D) Corresponding SE intensity profile of 
core-shell nanoparticles for 6, 15 and 24 kV. Scale bar = 500 nm (1st row), 200 nm 
(2nd - 3rd row), and 100 nm (4th - 6th row).  
 
Figure 6.9. Schematic showing the well-known “edge-effect” of a core-shell 
nanostructure resulting in bright circular edges in images of nanoparticles. The edge 
effect is due to the greater overlap between PE interaction volume and SE escape 
region (b), resulting in greater SE escaping from a steep vertical side, as opposed to a 
horizontally flat top surface at the top of sphere (a). (Goldstein et al., 2003) 
 
Figure 6.10. (A) Schematic of a core-shell nanostructure and its major intensity 
components: core, shell, edge and background (inset: SEM image). Effect of 
increasing acceleration voltage on (B) core intensity, (C) shell intensity, (D) substrate 
background, (E) edge intensity, and (F) core visibility (defined as core intensity minus 
shell intensity).  
 
Figure 6.11. SEM images and schematic drawings of core-shell nanoparticles on 
glass substrate (A) and in 1-m cavity on glass substrate (B). SEM images and 
schematic drawings of core-shell nanoparticles on gold-coated glass substrate (C) and 
in 1-m cavity on gold-coated glass substrate (D). (E) SEM image of core-shell 
nanoparticles in 2-m cavity on gold-coated glass substrate. (F) Line intensity profile 
across a core-shell nanoparticle (blue) outside and (red) inside the 2-m cavity. 
Acceleration voltages are 5kV for A, 10 kV for B, C, D and 15 kV for E. 
Figure 6.12. Monte Carlo-based 3D simulation results of the (i) SEM images, (ii) the 
SE signal intensity contours, and (iii) SE line profiles, for a silica-coated gold 
nanostructure of 200 nm diameter, embedded with a 50 nm gold core. Electron 
acceleration voltages used were (A) 5 kV and (B) 15 kV. 
 
Figure 6.13. (A) Possible labeling schemes using single-multi core (i), blank-multi 
core (ii), and single-single core (iii) nanostructures for potential multiplex biosensing 
applications. (B) The corresponding SEM images (i), (ii) and (iii). (C) SEM digital 
counting of successful binding events between biotin-labeled coreless silica particles 
and streptavidin-labeled single cored silica particles.  
 
Figure 7.1. Schematic diagram outlining the fabrication technique for LSPR gold 
nanostructures on polymeric PEAA thin adhesion layer (SiO2 substrate not shown). 
(A - B) pattern-transfer of thin gold nanohole film onto PEAA thin film via 
nanocontact printing, (C) dome-shaped nanostructures formed due to polymer leakout 
(D) Removal of nanodomes after 30 second etching, (E) formation of small nano-
voids directly underneath nanoholes after 90 second etching and, (F) formation of 
large nano-voids after 150 second etching. 
 
 xxiii 
Figure 7.2. Photograph of a 1.0 x 0.6 cm gold hole-array nanostructure (A) on PEAA 
polymer thin film of thickness 0.5 mm on a microscope glass and, (B) integrated into 
a microfluidic chamber. 
 
Figure 7.3. Schematic of nanostructures (right) and optical microscope images under 
20x magnification (left) of (A) bulk gold film and gold hole-array nanostructures after 
etching times of (B) 0 seconds, (C) 90 seconds and, (D) 150 seconds. 
 
Figure 7.4. SEM images of a smooth defectless gold film with infinite nanoholes 
transferred in high-fidelity by nanocontact printing. (A) Top view of film. (B) Gold 
film is shown to be structurally made up of a continuously connected sheet of metal 
uniformly perforated with nanostructured holes. (C) Same film with fractured portion 
showing the cross section of a 100 nm thick gold film after mechanically breaking off 
a corner. (D) same view under high magnification. 
 
Figure 7.5.  Schematic of different and unique gold hole-array-on-polymer 
nanostructures (left). SEM images (middle) and SEM images under high 
magnification (right) under different etching for (A) 0 seconds, (B) 90 seconds and (C) 
150 seconds. SEM images of (A) polymeric nanodome structures formed due to 
polymer-leakout during nanoprinting process. (B) Gold nanohole structures with 
shallow air voids after 90 second etching. (C) Gold nanohole structures with deep air 
voids formed after 150 second etching.  
 
Figure 7.6. (top) Schematic diagram, (middle) cross section SEM images of hole-
array nanostructures, and (bottom) samples under high magnification. Samples are (A) 
without etching, and with (B) 30 s, (C) 90 s and (D) 150 s etching. Gold nanoholes on 
polymer substrates with (A) flat cavity, (B) small void-cavity and, (D) large void-
cavity. The grey regions indicate the air-void spaces above the dark-colored polymer. 
The air void spaces were filled with platinum to prevent structural damage by cross-
sectional ion-milling. 
 
Figure 7.7. Schematic diagram of UV-Vis detection of enhanced optical transmission 
(EOT) of gold hole-array nanostructure, illuminated by incident white light (A). 
Three-dimensional FDTD simulation of electric field intensity of gold nanohole from 
(B) a cross-sectional view and (C) from top view at peak wavelength 650 nm. Yellow 
arrow indicates direction of incident light and white arrow indicates the direction of 
polarization of the electric field. 
 
Figure 7.8. FDTD simulation results of the XZ-plane electric field intensity of gold 
nanohole film at excitation wavelengths (A) 900 nm, (B) 480 nm and (C) 650 nm. 
Enhanced electric fields are observed at the gold edges at resonant wavelength 650 
nm which coincides with a corresponding transmission peak. (D) Experimental results 
and FDTD simulation results of a 150 second-etched gold nanohole film’s normalized 
optical transmission spectra showing resonant peaks near 480 nm and 650 nm. Yellow 
arrow indicates the direction of a normally incident linearly polarized excitation wave. 
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Figure 7.9. Experimental (left) and FDTD simulated (right) transmission spectra of 
the gold hole-array nanostructures with etching times of (A) 0 s, (B) 30 s, (C) 90 s and 
(D) 150 s seconds with increasing refractive indices (indicated by increasing size of 
red arrows). The FDTD results confirm the shift in transmission peak wavelength. 
 
Figure 7.10. Linear redshift in peak transmission wavelength with increasing 
refractive index values of 1.35, 1.38, 1.41, 1.44 and 1.47. Gradients indicate the 
refractive index sensitivity “S” of LSPR sensor treated with different etching times of 
(A) 0 s, (B) 30 s, (C) 90 s and, (D) 150 s. We show that sensors with increasing 
etching times also have higher sensitivity values.  
 
Figure 7.11. Increase and maximization of refractive index sensitivity of gold LSPR 
sensors of different gold thicknesses of (A) 75 nm, (B) 100 nm, (C) 125 nm and,      
(D) 150 nm with increasing etching time. Three-dimensional FDTD simulation results 
for 100 nm thick gold nanohole film (dashed in pink) is also shown.  
 
Figure 7.12. Schematic of a gold LSPR sensor with a monolayer of biotin-
streptavidin biomolecules immobilized on the gold surface (A), detection of biotin 
(black curve) and biotin-streptavidin (red curve) binding using gold LSPR sensors 
treated with different etching time of 0 (B) 90 (C) and 150 (D) seconds. Black arrows 
and max indicate the peak wavelength shift of UV transmission spectra in air due to 
attachment of biotin-streptavidin biomolecules.   
 
Figure 7.13. SERS detection of an monolayer of 2-mercaptopyrimidine (MPM) 
immobilized on (red curve) Au film with nanoholes on SiO2 substrate with PEAA 
adhesion layer, (blue curve) Au film without nanoholes on SiO2 substrate with PEAA 
adhesion layer (black curve) gold film without nanoholes on SiO2 substrate. SERS 
signal at 870, 1309 and 1430 cm-1 are due to PEAA polymer (bold numbers) while the 
rest are due to MPM. Inset: Chemical structure of MPM. 
 
Figure 8.1. Summary of synthesis techniques developed in this thesis. (A) Synthesis 
technique for (A) core-shell nanoparticle under Chapter 3, (B) yolk-shell nanoparticle 
under Chapter 4 (C) nanoparticle patterning under Chapter 2, (D) nanoholes 
patterning under Chapter 6, (E) subsurface imaging technique under Chapter 5, (F) 
dye-doped FRET nanoparticles under Chapter 2 and, (G) eccentric core-shell 
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1.1  Introduction 
 
The rapid progress of nanoscience and nanotechnology has enabled researchers to 
engineer novel nanomaterials that exhibit different and unique physical, chemical, and 
biological properties. Nanomaterials have been created and demonstrated great 
potential for plasmonic sensing, catalysis, Förster resonance energy transfer (FRET) 
and surface-enhanced Raman scattering (SERS). (Liu et al., 2005, 2007 and 2010; 
Xue et al., 2007; Cargnello et al., 2010; Zhou et al., 2010; Roca et al., 2008; 
Mulvaney et al., 2003; Doering et al., 2003; Wang et al., 2006; Deng et al., 2010).  
 
In particular, metal-oxide hybrid nanostructures have become a rapidly growing 
research field in nanomaterial community. These hybrid materials have well-defined 
core-shell architectures and are extensively explored to realize a combination of 
unique properties that can cooperatively achieve enhanced performances, not 
achievable when used separately. The design and synthesis of core-shell hybrid 
nanostructures with different composition and properties have attracted immense 
amount of interest (Liz-Marzán et al., 1996, Lu et al., 2002, Graf et al., 2003).  
 
Over the last decade, much effort has been dedicated to the growth of oxides such as 
silica SiO2 and titania TiO2 onto noble metal nanoparticles, such as gold and silver, to 
fabricate novel metal-oxide hybrid nanostructures. Gold and silver nanostructures are 
of particular interest due to their unusual optical and catalytic properties that are 
strongly dependent on size and shape (Wiley et al., 2006; Hu et al., 2006; Murphy et 
al., 2005; Turner et al., 2008; Lim et al., 2007). Coating with a protective layer of 
chemically inert silica shell can further protect these metal nanostructures against 
aggregation, enhance their biocompatibility, tune their surface hydrophilicity or 
 _____________________________________________________________Chapter 1 
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hydrophobicity, and strengthen their binding affinity with biological molecules and 
improve the surface chemistry of the core nanomaterials (Pastoriza-Santos, et al., 
2006, Liu et al., 2005, Han et al., 2008). On the other hand, coating with a protective 
layer of active titania shell can improve colloidal dispersibility, prevent dissolution 
and corrosion of noble metals during photocatalytic reactions and enhance catalytic 
reactivity (Hirakawa et al., 2004; Li et al., 2005; Wu et al., 2009).  
 
Applications for metal-oxide hybrid nanostructures are growing and the need for low-
cost and large-scale production is becoming increasingly important. However, major 
challenges to the mass-fabrication of metal@SiO2 nanostructures such as the colloidal 
instability of metal colloids in alcohol medium, poor reproducibility, and the tedious 
and multi-step procedures of existing silica-coating techniques pose great obstacles to 
its wide-spread application and commercialization (Tom et al., 2003; Liu et al., 2005; 
Han et al., 2008). On the other hand, synthesis-related problems are observed when 
using highly reactive TiO2 precursors which result in low yields, bulk precipitation of 
unwanted secondary nucleation of TiO2 as well as inter-particle cross-linking. In 
addition, thermal instability of TiO2 under high temperature synthesis procedures 
poses major obstacles to the high-yield synthesis of metal@TiO2 nanostructures 
(Mayya et al., 2001; Wu et al., 2009). 
 
Therefore, it is desirable to develop simple and versatile techniques for oxide-coating 
of metal nanostructures. This thesis focuses on the large-scale fabrication of oxide and 
metal-oxide hybrid nanostructures which are synthesized using sol-gel wet chemistry 
or physical nanopatterning approach. Several strategies will be proposed to develop 
environmentally friendly, reproducible, low-cost and high-yield mass-fabrication 
techniques of these hybrid nanostructures. 
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1.2 Oxide-coated metal nanostructures   
 
Metal@oxide hybrid nanostructures with well-defined core-shell architectures are 
gaining importance due to their ability to perform beyond their individual 
functionalities. Over the years, there has been much progress in the synthesis of 
metal@oxide nanostructures using different oxides; for example silicon oxide SiO2 
(silica), titanium oxide TiO2 (titania), zirconium oxide ZrO2 (zirconia), manganese 
oxide MnO, copper oxide Cu2O, iron oxide Fe2O3, tin oxide SnO and cerium oxide 
CeO2 which is a representative class of core-shell nanostructures. In this section, we 
introduce a few outstanding examples of works and studies on the fabrication 
techniques of such metal@oxide hybrid nanostructures, particularly for SiO2 and 
TiO2, and highlight the potential challenges that they are facing (Zeng et al., 2010; 
Mayya et al., 2001; Schladt et al., 2010; Shi et al., 2006; Kuo et al., 2009; Kim et al., 
2010; Oldfield et al., 2000; Cargnello et al., 2010). 
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i.  Metal@SiO2 
Over the last decade, metal@oxide core-shell nanostructures have attracted a lot of 
significant research interest due to their synergistic combination of different and 
unique properties into a single structure (Liz-Marzán et al., 1996; Guerrero-Martinez 
et al., 2010; Liu et al., 2010). In particular, silica-coated metal nanoparticles (Graf et 
al., 2003, Liu et al., 2005, 2007, 2010) have attracted great attention due to their 
unique properties and their practical applications in plasmonic sensing (Aslan 2007), 
self-assembly for photonics (Lu et al., 2002; Graf et al., 2002), chemical detection 
based on surface-enhanced Raman scattering (Doering et al., 2003), and colorimetric 
detection (Liu et al., 2005).  
 
Silica has gained strong interest as an attractive coating material for nanoparticles 
(Figure 1.1), because (1) it stabilizes particles and prevents agglomeration during 
transfer into different solvents, (2) its chemically inert property protects the particle 
core from oxidation and from molecules in solution, (3) it provides covalent 
attachment points for biomolecules through well-understood chemistry, (4) it acts as 
structural support, and (5) it prevents undesired adsorption of molecules onto the 
metal surface (Gerion et al., 2001; Yang et al., 2004; Barnakov et al., 2005; Rogach et 
al., 2000; Zhao et al., 2005; Dean et al., 2010, Sioss et al., 2005; Mulvaney et al., 
2003; Doering et al., 2003). So far, many silica coating procedures of noble metal 
nanoparticles  use a general technique reported in a seminal work by Liz-Marzán and 
co-workers, based on the well-known Stöber process (Stöber et al., 1968), which will 
be discussed in detail under Section 1.3.i (Liz-Marzán et al., 1996).   
 
 







Figure 1.1. TEM images of silica shell deposited on 15 nm diameter Au nanoparticles 
by Stöber process using TEOS and ammonia in ethanol solution. The shell 
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ii.  Metal@TiO2 
 
Noble metal nanoparticles in the nanosize domain exhibit unusual catalytic and 
optical properties. For example, gold nanoparticles of 3~8 nm diameter have been 
shown to enhance the catalytic properties of TiO2 (Valden et al., 1998; Haruta et al., 
1997; Yang et al., 2000). Recently, gold and silver nanoparticles are increasingly 
being embedded into oxides shells, such as titanium oxide, as metal cores due to their 
desirable chemical composition, colloidal stability within the shell, and effective 
charge transfer between the metal and oxide (Li et al., 2005; Pastoriza-Santos et al., 
2000; Cargnello et al., 2010; Lee et al., 2008). In particular, titanium oxide has been 
shown to perform excellently as a protective shell in ensuring dispersibility and 
solubility of the metal core, while at the same time, it participates actively in catalytic 
processes (Li et al., 2005). Furthermore, TiO2 is non-toxic, optically transparent and 
exhibit a strong enhancement in photocatalytic activity under the irradiation of visible 
light (Zhang et al., 2011). On account of these unique functionalities, core-shell 
hybrid nanostructures, in which noble metal nanoparticles such as Au or Ag are 
introduced as metal cores and titanium oxide serves as the exterior shells (Au@TiO2 
or Ag@TiO2), have attracted much attention as one of the strongest candidate 
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Over the past few years, there has been a significant number of new synthesis 
methods have been developed for the fabrication of metal@titanium oxide 
nanostructures with complex core–shell architectures. For example, Liz-Marzán and 
co-workers (Pastoriza-Santos et al., 2000) proposed a one-pot synthesis technique for 
a nanostructured system composed of silver cores coated by a 1-2 nm layer of 
titanium dioxide produced via reduction of AgNO3 by a DMF/ethanol mixture and 
hydrolysis and condensation of Ti(OC4H9)4 titanium butoxide in the presence of 
acetylacetone which helps regulate the hydrolysis process. However, there are several 
major problems associated with this synthesis technique. For example, this process 
produced highly polydispersed Ag nanoparticles of two different sizes, 4 and 20 nm in 
diameter (Figure 1.2E and F). The larger sized silver particles were coated with a thin 
shell of amorphous TiO2 but the oxide coating on smaller sized Ag nanoparticles was 
unclear. Also, problems of particle aggregation, which occurs within one day in basic 
solutions due to strong van der Waals forces, were observed (Liz-Marzán et al., 
1996).   
 
In another example, Li et al. synthesized flower-like Au@TiO2 core-shell 
nanoreactors (Figure 1.2A-D) by first preparing Au nanoparticles via chemical 
reduction of HAuCl4 using sodium citrate, and then performing TiO2 coating by using 
TiF4 precursor in a hydrothermal reaction which was conducted at 180 °C for 48 
hours in an electric oven (Li et al., 2005). Although exquisite nanostructures can be 
synthesized using Li’s technique, the hydrothermal procedure is time-consuming and 
energy-intensive; requiring requires long hours of high temperature processing which 
is difficult for scaleup production.  





Figure 1.2. (A-D) TEM images of flower-like Au@TiO2 core-shell nanostructures by 
hydrothermal reaction of titanium tetrafluoride, with increasing size of Au cores. 
Scalebar: 200 nm (Li et al., 2005). TEM image of TiO2-coated Ag nanoparticles 
Ag@TiO2 using Ag cores of (E) 4 nm diameter and (F) 20 nm diameter size, 
produced by hydrolysis and condensation of titanium butoxide (Pastoriza-Santos et 
al., 2000). Scalebar: 200 nm (A-D), 30 nm (E), and 8 nm (F). 
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In this thesis, we introduce a simple and high-yield synthesis of a “green” reusable 
and highly efficient, heterogeneous nanocatalyst Au@TiO2 at normal room 
temperature. Eccentrically-shaped Au@TiO2 nanostructures consisting of a thinner 
TiO2 shell on one side of the Au core and a thicker shell on the opposite side are 
fabricated. The thicker side of the TiO2 shells render the Au@TiO2 nanostructures 
highly dispersible and stable against particle aggregation while the thinner side 
enables a fast diffusional pathway for catalytic reactants, such as 4-nitrophenol, to 
reach the inner gold core. We show that, at the gold surface, 4-nitrophenol undergoes 
effective catalytic reduction by sodium borohydride to produce 4-aminophenol. We 
demonstrate that this morphologically eccentric yet highly stable nanostructure 
enables the Au@TiO2 catalysts to be reactivated and reused over five cycles with no 
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iii. Other metal@oxides  
 
Besides SiO2 and TiO2 coating, Au and Ag metal nanostructures are often coated with 
other oxide materials having other unique properties and functions. 
 
For example, zirconium oxide (ZrO2) or zirconia is the only metal oxide with all 
major chemical characteristics, namely acidic, basic, oxidizing and reducing 
properties (Tanabe et al., 1985). Zirconia has wide applications in catalysis (Das et al., 
2009; Pandey et al., 2010) and drug delivery (Jain et al., 1998). It can be easily 
prepared using facile synthesis techniques and has a well-documented surface 
chemistry and high temperature stability (Woodward et al., 2006; Eswaranand et al., 
2002). Previously, Tom et al. (2003) proposed a simple one-step synthesis technique 
for Ag@ZrO2 particles (Figure 1.3A and B) by simultaneously performing both 
chemical reduction of AgNO3 in DMF and condensation of zirconium (IV) propoxide 
with acetylacetone in 2-propanol solvent under reflux. This procedure is similar to 
that proposed by Liz-Marzán for Ag@TiO2 (Pastoriza-Santos et al., 1999 and 2000).  
 
Recently, manganese oxide (MnO) particles have been shown to be excellent contrast 
agents for magnetic resonance imaging (Na et al., 2007). Schladt et al. (2010) 
proposed a synthesis technique for core-shell nanocomposite Au@MnO containing 
both an optically active plasmonic gold core and a magnetically active MnO shell; 
this would be useful for dual-mode optical and MRI detection. The technique involves 
decomposition of gold acetate Au(O2CCH3)3 at a relatively low temperature of 50 °C, 
followed by epitaxial growth of MnO petals on the surface of the Au nanoparticles at  




Figure 1.3. TEM images of core-shell nanostructures of (A) Ag@ZrO2; (B) also at 
under high magnification (Tom et al., 2003). TEM images of (C) Au@MnO 
nanoflowers; (D) also at under high magnification (Schladt et al., 2010). TEM images 
of Au@Cu2O synthesized using (E) octahedral, and (F) highly faceted Au 
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a higher temperature of 260 °C, in the presence of diphenyl ether with oleic acid and 
oleylamine as surfactants (Figure 1.3C and D).  
 
In another example, cuprous oxide (Cu2O) is a p-type semiconductor with a direct 
band gap of 2.17 eV which means that it can be easily photoexcited by visible light at 
571 nm wavelength (Ng et al., 2006). These high photoactive Cu2O nanostructures 
have been demonstrated to be useful for gas sensing (Zhang et al., 2007), 
photodegradation of dye molecules (Xu et al., 2006), CO oxidation (White et al., 
2006), photoactivated water splitting into H2 and O2 (Hara et al., 1998), and organic 
synthesis (Tang et al., 2007). Kuo et al. (2009) have introduced a novel one-pot 
technique for preparing Au@Cu2O core-shell nanostructures with exquisite 
morphology by simply sequentially adding reactants CuCl2, sodium dodecyl sulfate 
(SDS) surfactant, Au nanocrystals, NaOH, and NH2OH·HCl in aqueous solution 
(Figure 1.3E and F). It is shown that uniform growth of crystalline Cu2O shells on Au 
nanostructures can be achieved where shell growth is precisely guided by the shape of 
the metal core. Despite the presence of a significant mismatch between Au and Cu2O 
lattice planes, Au-Cu2O core-shell with excellent interfacial epitaxial growth of core-
shell heterostructures can be prepared (Kuo et al., 2009). 
 
Due to the wide range of oxide materials available, the emphasis of our current work 
will be mainly on silicon and titanium oxide. As part of our future work, we intend to 
further extend our research into these new oxide materials using similar green 
strategies and mass-production concepts proposed in this thesis.  
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1.3 Sol-gel synthesis of metal@oxide nanostructures 
 
i. Stöber method  
 
Synthesis techniques for silica-coating metal nanostructures have been well-
researched by many groups (Graf et al., 2003; Lu et al., 2002; Liu et al., 2005; Han et 
al., 2008) since the pioneering work by Liz-Marzán, Mulvaney, and co-workers in 
1996 (Liz-Marzán et al., 1996). These authors have proposed silica-coating gold 
nanoparticles through the hydrolysis and polycondensation of tetraethylorthosilicate 
(TEOS) using modified version of the well-known Stöber process (Stöber et al., 1968).  
 
Stöber et al. in 1968 first reported the synthesis of pure silica nanoparticles via the 
sol–gel chemistry process, which uses silicon alkoxide as the silica precursor and 
ammonia as the catalyst in an ethanol medium. The sol-gel process is a wet-chemistry 
technique whereby soluble precursors in a solution undergo hydrolysis and 
polycondensation to form a gel-like dual-phase system containing both a liquid and 
solid phase. A commonly used silicon alkoxide is silicon tetraethoxide, also known as 
tetraethyl orthosilicate (TEOS) whose chemical formula is given by Si(OC2H5)4, or 
Si(OR)4 where the alkyl group R represents C2H5. TEOS reacts readily with water by 
undergoing hydrolysis to form orthosilicic acid Si(OH)4. Subsequently, the silanol 
(Si-OH) groups of two hydrolysed molecules link together by a condensation process 
through forming a siloxane (Si-O-Si) bond with each other and liberating a water 
molecule. As condensation process continues, the linked molecule grows larger and 
larger, and a three-dimensional branched network of siloxane bonds is formed.  
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This process of forming macromolecules from the initial Si(OH)4 monomer is known 
as polymerization. Further polymerization in an alkaline environment forms solid 
spherical SiO2 particles via internal condensation and crosslinking of 
macromolecules.  
 
In order to effectively coat gold nanoparticles with an extensive silica shell using the 
Stöber process, Liz Marzán reported that it was necessary to first adsorb a monolayer 
of surface coupling agent, 3-aminopropyl-trimethoxysilane APTMS, onto the gold 
surface, followed by pre-coating a thin layer of silica (an aqueous technique using 
sodium silicate as discussed in Section 1.3.iii), before transferring into ethanol 
medium for extensive silica coating. This three-step silica-coating procedure reported 
in Liz-Marzán’s seminal work was widely adopted by most preparation routes for 
extensive silica coating of metal particles.  
 
For example, Han and co-workers (Liu et al., 2005 and 2007) have successfully 
modified and developed a direct silica-coating technique for producing  
monodispersed silica-coated Au, Ag, and Pt nanoparticles using citrate-stabilized 
metal nanoparticles (Figure 1.4A). Their technique has shortened the conventional 
tedious three-step technique proposed by Liz-Marzán by improving the stability of the 
colloid in ethanol. This was achieved by introducing fresh sodium citrate into the 
synthetic system to replenish lost citrate ions via oxidation. This greatly improved the 
particles’ electrostatic stability and allowed direct silica coating in ethanol medium 
without aggregation problems. The authors demonstrated for the first-time gram-level 
synthesis of monodisperse silica-coated nanoparticles in sufficiently large enough 
quantity for bio-applications. However, the main disadvantage was that the technique 
required a significant use of ethanol as organic solvent (Han et al., 2008). 






Figure 1.4. (A)(i) Synthetic scheme outlining the production of silica-coated metal 
nanoparticles and TEM images of monodisperse (ii) Au@SiO2, (iii) Ag@SiO2, and 
(iv) Pt@SiO2 nanoparticles via a direct silica-coating of post-citrate-stabilized metal 
nanoparticles of ~50 nm in size (Liu et al., 2005 and 2007). (B) TEM images of (i) 14 
nm Au@SiO2 and (ii) 26 nm Ag@SiO2 nanoparticles as synthesized by the PVP 




(ii) (iii) (iv) 
(i) 
(B) 
(i) (ii) (iii) 
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Alternatively, Graf, van Blaaderen, and co-workers have developed a simple and fast 
method, which avoids the need to use any surface-coupling silane agents such as 
APTMS or to perform the poorly reproducible step of pre-coating metal particles with 
silica using sodium silicate required in Liz-Marzán’s technique (Graf et al., 2003). 
Graf’s technique involved surface-stabilization of the colloidal particles by adsorbing 
an amphiphilic polymer poly(vinylpyrrolidone) (PVP) onto the metal surface, which 
sterically prevents particle aggregation during the transfer of the particles into ethanol 
for the growth of an extensive silica shell (Figure 1.4B).  
 
However, this polymer-mediated technique is known to have several problems, such 
as the difficulty in removing excessive PVP molecules remaining in the solution 
before silica coating. Excess PVP acts as nucleation sites for silica growth, leading to 
contamination by coreless silica particles. The removal procedure involves multiple 
purification steps such as centrifugations and/or time-consuming dialysis. 
Furthermore, the adsorbed macromolecules of PVP usually result in the formation of 
polydispersed Au@SiO2 nanoparticles with rough surfaces, and unwashed PVP 
residues may adsorb onto the Au@SiO2 nanoparticles, sterically blocking or 
competing with the silica surface for surface functionalization/bioconjugation due to 
the presence of large functional groups on their backbones (Liu et al., 2005).  
 
Due to the limitations of existing coating techniques based on the Stöber method (and 
also reverse microemulsion technique, which is discussed in Section 1.3.ii), it would 
be greatly desirable to develop new environmentally-friendly water-based silica-
coating techniques suitable for scaleup production of metal-oxide nanostructures. 
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ii. Reverse microemulsion 
 
Another alternative method to produce monodisperse silica nanoparticles or silica-
coated metal nanoparticles in the size range of several tens of nanometers is by 
reverse microemulsion (Han et al, 2008). The reverse micelle or water-in-oil (w/o) 
microemulsion system is composed of a homogeneous mixture of water, oil, and 
surfactant molecules. The single-phase microemulsion system is both isotropic and 
thermodynamically stable. Nanometer-sized droplets of water are formed 
spontaneously and are separated from the surrounding organic solvent (or oil) by a 
monolayer of surfactant, where the hydrophilic region of the surfactant molecule 
points to the polar aqueous phase, while the hydrophobic region points to the nonpolar 
oil phase. Assembled around each nanosized water core is a cluster of surfactant 
molecules, which together with the water core forms a nanoscale particle, known as a 
reverse micelle (Horn et al., 2009). Water nanodroplets form in the bulk oil phase, 
which then act as a confined medium (of nanoreactors) for silica coating or 
nanoparticle formation. An organic solvent such as cyclohexane is used to physically 
slow down TEOS hydrolysis and its subsequent release into the aqueous phase. 
Without cyclohexane, TEOS will hydrolyze at a faster rate, which tends to nucleate 
unwanted free silica particles and/or cause particle cross-linking problem (Hartlen et 
al., 2008; Lin Wang et al., 2008).  
 
Ying and coworkers (Han et al., 2008) successfully demonstrated a direct silica 
coating technique using reverse microemulsion for the synthesis of silica-coated gold 
or silver nanoparticles which does not require using any silane coupling agent or  





Figure 1.5. TEM micrographs of 12 nm oleylamine-stabilized Au nanoparticles (A) 
before and (B) after silica coating by the reverse microemulsion method (overall 
particle size of 24 nm). (Inset) Solubility of the corresponding particles in 
cyclohexane (upper layer) and methanol (lower layer) respectively. TEM micrographs 
of oleylamine-stabilized Ag nanoparticles (C) before and (D) after silica coating by 
the reverse microemulsion method. (Inset) Solubility of the corresponding particles in 
cyclohexane (upper layer) and methanol (lower layer) (Han et al., 2008). 
(A) (B) 
(D) (C) 
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bulky polymer stabilizer (Figure 1.5). The silica coating process was performed 
through the formation of a water-in-cyclohexane reverse microemulsion while 
polyoxyethylene-(5)-nonylphenyl ether (Igepal CO-520) was used as surfactant. Gold 
colloids of 15 nm diameter were prepared by chemical reduction of HAuCl4 and 
surface-stabilized with oleylamine. The authors showed that the silica shell thickness 
can be controlled to nanometer precision and the overall yield of this method was 
reported to be higher than that of the Stöber method (Han et al., 2008). 
 
However, the reverse microemulsion technique requires the use of large amounts of 
surfactants which are difficult to remove after synthesis and often necessitates 
extensive cleaning by dialysis and ultracentrifugation (Finnie et al., 2007). In 
addition, the use of toxic solvents such as cyclohexane which are highly flammable 
and produce toxic vapors renders the process unsafe and environmentally unfriendly. 
Furthermore, microemulsions have inherent problems with sample nonhomogeneity 
due to the difficulty in sustaining uniform micelle compartments (Hartlen et al., 
2008). Although the microemulsion route is simple, there is a tendency for the silica-
coated particles to aggregate which leads to necking between the silica particles when 
they are removed from the emulsions. Johnson et al. (2010) reported that 
nanoparticles that were silica-coated by reverse emulsion were mostly aggregated 
within one day of washing and storing as dispersion in water. Finally, the process is 
time-consuming and there is a severe limitation to the size of silica shell be grown on 
metal nanoparticles. According to Ying’s report, the reverse microemulsion technique 
requires 15 hours to deposit 35 nm thick of silica shell and subsequently the Stöber 
method would still need to be applied for extensive silica coating.    
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iii. Sol-gel synthesis in aqueous solutions 
 
Few reports so far have explored the use of water-based synthesis techniques for 
growing silica, except one technique which uses sodium silicate as a water-soluble 
silane precursor for silica-coating metal cores in aqueous solution (Tunc et al., 2005; 
Obare et al., 2001). As discussed earlier in Section 1.3.i, sodium silicate is widely 
used to pre-coat metal nanoparticles with a thin layer of silica shell before transferring 
into ethanol for extensive silica coating via the Stöber process.  
 
In the pioneering work by Liz-Marzán, the water-based silica-coating technique using 
sodium silicate to pre-coat metal colloids so that they can be stably transferred from 
aqueous solutions to an ethanol medium, where bare nanoparticles are known to 
become unstable and aggregate easily (Liz-Marzán et al., 1996), was introduced.  In 
order to effectively grow silica on vitreophobic noble metals using sodium silicate, it 
is necessary to first adsorb a monolayer of APTMS onto the gold colloid to introduce 
silanol anchor groups on the metal surface. The APTMS molecules are able to 
displace the negatively charged citrate groups originally found on the metal colloids, 
because of the higher affinity of −NH2 aminogroups to the gold surface, and their 
−Si(OEt)3 silanol groups will be pointing outwards into the solution (Figure 1.6A). 
Then, sodium silicate solution is added into the solution for a slow polymerization of 
silicate groups, which forms a thin silica layer around the particles using the APTMS 
silanol groups as anchor points (Figure 1.6B and C). In subsequent studies, Murphy 
and coworkers (Obare et al., 2001) modified Liz Marzán’s technique using another 
surface coupling agent 3-mercaptopropyl-trimethoxysilane (MPTMS), instead of 
APTMS, to silica coat gold nanorods which are surface-protected by 
cetyltrimethylammonium bromide (CTAB), instead of citrate ions.  





Figure 1.6. (A) Schematic of the surface reactions involved in the formation of a thin 
silica shell around a citrate-stabilized gold particle. Transmission electron 
micrographs of 15 nm gold particles coated with thin silica layers for (B) 42 hours, 
and (C) 5 days (Liz-Marzán et al., 1996). Scalebar: 15 nm (B-C) 
Add 
APTMS 
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Although sodium silicate has been widely applied for coating very thin layers of silica, 
the use of sodium silicate has several known problems. For example, Liz-Marzán 
reported that the problem of partial aggregation occurs when very thin silica shells are 
coated. On the other hand, when trying to coat thicker shells, the metal colloid would 
be contaminated by small coreless silica particles due to uncontrolled secondary 
nucleation. Furthermore, reproducibility is a major problem because the reaction 
process is not easily controllable owing to its strong pH dependency (Graf et al., 
2003). As a result, the preparation of aqueous dispersions of gold with thin silica 
shells that are free of aggregation and/or unwanted silica particles is difficult and 
poorly reproducible. In addition, the silica coating process is often not homogenous, 
which results in particles having imperfect spherical shapes and rough surfaces (Liz-
Marzán et al., 1996). Another problem is that the process can be very time-
consuming; it can take 24 hours to several weeks (Liu et al., 2005, Han et al., 2008).  
 
Finally, the use of surface coupling agents such as MPTMS or APTMS to improve the 
affinity of vitreophobic noble metal nanoparticles to silica introduces impurities and 
unwanted functional groups to the silica-coated metal particles, which can affect or 
interfere with the subsequent surface functionalization for coupling biomolecules (Liu 
et al., 2005). In view of the major problems associated with existing silica-coating 
techniques (pertaining to Stöber, reverse microemulsion and sodium silicate-based 
techniques), there is an critical need to address such challenges and develop a simpler, 
faster and more reproducible method to encapsulate metal nanoparticle with silica in 
aqueous solution in large quantity. We attempt to address these issues in Chapter 4.    
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1.4  Applications of metal@oxide nanostructures 
 
i. Förster resonance energy transfer 
 
Förster resonance energy transfer (FRET) is the radiationless energy transfer from an 
excited donor molecule to a suitable ground-state acceptor molecule via long-range 
dipole–dipole resonance coupling. FRET systems simultaneously exhibit a 
fluorescence quenching of the donor’s fluorescence as well as an electronic 
amplification of the acceptor’s radiative emission. This photophysical process occurs 
between two fluorescent dyes with complementary spectral properties (the emission 
band of the donor dye overlap significantly with the absorption band of the acceptor 
dye) and both dyes are positioned in a close proximity, with a distance apart of about 
10 nm dimension scale (Lakowizc et al., 1983).  
 
One of the key challenges in designing effective multichromophore luminescent 
systems is the precise spatial arrangement of the fluorophores (Li et al., 2010). 
Inspired by nature’s elegant systems, researchers have engineered a variety of 
artificial nanostructures such as nanoparticles, dendrimers, multilayered thin films and 
supramolecular assemblies as suitable host media (Song et al., 2009; Weil et al., 2002; 
Zhao et al., 2007 and Wang et al., 2009). Effective FRET has been observed in 
nanostructured host materials such as micelles, mesoporous thin films, zeolites and 
nanofibers; they serve as efficient FRET hosts due to their restricted dimensions and 
the spectral overlap between the donor and the acceptor (De et al., 2004; Li et al., 
2010; Kumar et al., 2000; Scott et al., 2003; Gfeller et al., 1998; Lee et al., 2006 and 
Wang et al., 2007).  




Figure 1.7. (A) (i) TEM image and (ii) confocal scanning laser fluorescence image of 
single dye-doped fluorescent silica nanoparticles (Van Blaaderen et al., 1992). (B)(i) 
SEM image of multi-dye doped silica nanoparticles, (ii) fluorescence emission spectra 
of silica nanoparticles doped with one, two, or three types of fluorophores, and (iii) 
photograph of the doped nanoparticles under 300 nm wavelength illumination (Wang 
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The design and synthesis of efficient host materials to achieve nanoscale control and 
accurate location of chromophores can improve luminescence efficiency through the 
enhancement of FRET processes which holds great potential for bio-applications such 
as imaging and biosensing (Li et al., 2010). In particular, dye-doped silicon-oxide 
(silica) nanostructures are promising host materials for efficient FRET due to their 
ease-of-preparation, biocompatibility, non-cytotoxicity, hydrophilicity and well-
known surface chemistry, which holds great potential for many biomedical 
applications such as fluorescent markers and biosensors. The organic dyes 
nanoconfined inside silica particles can undergo FRET, resulting in a number of 
advantages such as (1) dye emission with a large Stoke shift away from the excitation 
light, which helps to avoid spectral overlapping (2) generation of multiple dye 
emission colours using just one single excitation wavelength, and (3) significant 
enhancement of the fluorescent signals at low dye concentrations (Lee et al., 2006; 
Wang et al., 2007).  For example, Van Blaaderen and co-workers pioneered a 
technique to fabricate dye-doped silica nanoparticles (Figure 1.7A) by coupling 
reactive dyes with the silane coupling agent APTMS, followed by co-condensation 
with TEOS using the Stöber method (Van Blaaderen et al., 1992). Tan and coworkers 
subsequently modified the technique to incorporate multiple dyes with silica 
nanoparticles for demonstration of multi-colored FRET emission (Figure 1.7B) 
(Wang et al., 2006). However, the use of covalently-bound dyes leads to expensive 
products, which are useful for research studies but are not practical for scaleup 
production or large-scale applications. Due to poor dye-loading efficiency in silica, 
most chemically-reactive dyes are wasted during synthesis and they cost more than 
their non-reactive parent dyes. Hence, an alternative low-cost technique for preparing 
dye-doped FRET silica particles with efficient dye-loading is desirable.    
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ii.  Surface enhanced Raman spectroscopy (SERS) 
 
SERS-active metal nanostructures have recently been of immense interest as an 
emerging spectroscopic tool that can provide non-destructive and ultrasensitive 
characterization down to single molecular level (Han et al., 2010). With ready 
availability of a large number of Raman-active molecular species, it is possible to 
produce a myriad of silica-coated SERS nanotags for chemical and biological sensing 
and detection applications. Recently, the viability of silica-coated SERS-active metal 
nanostructures was demonstrated by different research groups around the world, 
making the design and synthesis of SERS nanotags more important (Liu et al., 2010). 
Silica is widely explored as a chemically inert and transparent protective coating for 
SERS nanotags to enhance their colloidal stability because attaching SERS molecules 
tend to cause partial aggregation of the metal nanoparticles (Brown et al., 2008). 
However, the main challenge lies in the reproducibility and mass-fabrication of such 
silica-coated SERS nanotags (Liu et al., 2010). In fact, existing problems associated 
with silica-based SERS nanotags such as poor reproducibility and low SERS signal 
intensities are known to be caused by existing silica-coating techniques, which result 
in the silica shell interfering with the surface-adsorbed SERS reporter molecules, 
making these nanotags difficult to reproduce in large scale quantities (Doering et al., 
2003).  
 
In order to fabricate SERS nanotags with strong and stable Raman signals, both Nie 
(Doering et al., 2003) and Natan (Mulvaney et al., 2003) separately proposed a similar 
silica-coating technique for efficient encapsulation of Raman molecule-tagged gold or  





Figure 1.8. (A) (i) Schematic illustration of the synthesis of silica-coated SERS-
active gold colloids, which involves (ab) attaching MGITC Raman tag, (bc) 
coating with surface coupling agent MPTMS, and (cd) silica-coating with sodium 
silicate. (ii) SERS spectra of silica-coated malachite green isothiocyanate (MGITC) 
gold nanoparticles (inset: SEM image) (Doering et al, 2003). (B) (i) Schematic 
illustration of synthesis of silica-coated Raman tags using sodium silicate and TEOS 
as silane precursors. (ii) SEM images of silica-coated Raman tags with Au core (left) 
and Ag core (right), and (iii) SERS spectrum of sample labeled with 4-
mercaptopyridine (Mulvaney et al., 2003). 
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silver nanoparticles into silica shells, as shown in Figure 1.8A and B respectively. The 
technique involves attaching Raman reporter molecules onto the Au nanoparticles 
first, followed by adding a surface coupling agent APTMS or MPTMS to make the 
gold surface vitreophilic and subsequently, depositing a thin layer of silica using 
sodium silicate in aqueous solution. Finally, the particles are transferred into ethanol 
for another thicker silica coating step using the Stöber method.  
 
Although silica-coated SERS nanotags with strong Raman signals were demonstrated, 
the entire procedure took 42 hours and required multiple tedious steps of synthesis 
and purification. As the SERS-active particles require adsorption of the SERS 
molecules onto the gold surface, both the coupling agent and the silica layer must be 
carefully balanced in order not to displace the SERS molecules, causing a loss of the 
Raman signals. This greatly affects the reproducibility of the technique. To avoid 
losing surface-adsorbed SERS molecules, Nie proposed using customized reporter 
molecules (dyes functionalized with the isothiocyanate group) in order to assist 
binding onto gold surfaces via a strong sulfur-gold bond that is resistant against 
displacement losses during surface coupling and silica deposition. Normal dye 
molecules such as crystal violet (CV) and rhodamine 6G (R6G) are not compatible 
with this technique as the SERS signals would disappear because physically adsorbed 
R6G and CV are easily desorbed and washed out by ethanol during silica coating. 
Hence, the technique is restrictive due to the requirement of using specialized reporter 
molecules. As functionalized dye molecules are many times more expensive 
compared to normal dyes, the technique is not cost-effective in producing useful 
amounts of SERS nanotags for biomedical studies and applications (Doering et al., 
2003). In short, major problems of high cost and poor reproducibility lead to great 
difficulties in the mass-fabrication of reliable SERS nanotags (Liu et al., 2010).  
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iii.  Localized surface plasmon resonance (LSPR) 
 
Surface plasmon resonance (SPR) sensors have been commercially available for 
nearly 20 years. They represent one of the most popular applications for label-free 
bioanalytical sensing. The SPR method is based on optical excitation of collective 
charge oscillations, called surface plasmons, which propagate on a flat metal surface. 
The resonance condition for exciting surface plasmons is highly sensitive to changes 
in the refractive index (RI) near the metal interface. Hence, biomolecular 
binding/unbinding reactions near the surface can be followed in real-time and in a 
label-free format by monitoring the variation in surface plasmon resonance.  
 
However, in order to excite surface plasmons on a flat metal surface, conventional 
SPR sensors require complicated optical configurations which include using a bulk 
prism placed in optical contact with the substrate. Recently, it was found that periodic 
arrays of nanoscale holes can provide the excitation light with the necessary energy 
and momentum that is required for directly exciting surface plasmons such that light 
can be coupled to surface plasmons directly without any use of prisms and even at 
normal incidence (Ebessen et al., 1998; Jonsson et al., 2010).  
 
Several techniques have been used to fabricate plasmonic biosensors based on 
nanohole structures (Figure 1.9). For example, Murray et al. (2010) have fabricated 
bimetallic nanoholes using NSL, while Gao et al (2007) has fabricated nanoholes 
using NSL for sensing tumor markers. Lee at al. (2007) used electron beam 
lithography to fabricate nanohole-based plasmonic sensors for monitoring 
biomolecular binding interactions. Yang et al. (2008) and Jacqueline et al. (2008) use  




Figure 1.9. SEM image of Au hole-array nanostructures (A) with periodicity of 450 
nm and a hole diameter of 195 nm fabricated using nanosphere lithography (Murray 
et al., 2010), (B) with periodicity of 600 nm and a hole diameter of 100 nm in a total 
area of 150 μm x 150 μm fabricated using electron beam (e-beam) lithography (Lee et 
al., 2007),  (C) with periodicity of 400 nm and a hole diameter of 100 nm in a total 
area of 3 cm x 4 cm fabricated using photolithography (Henzie et al., 2007), and (D) 
with periodicity of 330 nm and a hole diameter of 150 nm in a total area of 2.5 μm x 
2.5 μm fabricated using focused ion beam (Yang et al., 2008). Scalebar: 450 nm (A), 
and 1 μm (B-D) 
(A) (B) 
(D) (C) 
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FIB to fabricate nanoholes for sensing chemicals and biomolecules. However, these 
fabrication techniques can only produce nanohole sensors with small sensing area 
which drastically lowers the signal intensity and restricts the optical readout to costly 
spectrometers that fibre-optic-based or equipped with high magnification lenses. 
Henzie et al. (2007) fabricated nanoholes in large centimeter-scale area, but the 
technique requires multiple complicated steps. Finally, most nanohole-based SPR 
sensors fabricated by existing techniques have generally low sensing performance (as 
shown in Table 7.2 of Chapter 7).  
 
Until now, no fabrication technique has allowed tuning of the refractive index 
sensitivity of such sensors. For the first time, we demonstrate a novel and simple 
fabrication technique that has the unique ability to adjust the LSPR sensor’s 
sensitivity. The ability to control the sensitivity of our sensors holds great potential 
and wide-ranging appeal in the commercial biosensor market. Highly sensitive LSPR 
sensors require only a simple and compact optical readout system, although the 
transducers will cost more to fabricate. On the other hand, cheaper, albeit less 
sensitive, sensors can satisfy customers who have less demanding sensitivity 
requirements. The ability to satisfy the needs of both high-end and low-end segments 
of the sensor market is critical for successful commercialization.  
 
In this thesis, we demonstrate the potential of our nanohole LSPR sensor with a large 
sensing area and controllable sensitivity for monitoring specific biomolecular 
recognition reactions. We show how to produce plasmonic sensors of different 
sensitivities using our novel technique by varying simple process parameters to 
optimize our LSPR sensor’s sensing performance for label-free bioanalytical sensing.   
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iv.  Catalysis 
 
The basic reductive principle of catalyst involves separation of electrons and holes 
charges which react with adsorbed H2O molecules separately to form reactive OH− 
and H+ radicals respectively, which in turn bring about the oxidative degradation of 
organic molecules (Yen et al., 2009). Catalysts made up of metal-oxide hybrid 
nanostructures are known to exhibit high activity and thus enhance the efficiency of 
important chemical reactions, such as hydrogenation (Schimpf et al., 2002), O2 
reduction (El Roustom et al., 2007) and CO oxidation (Haruta et al., 2004).  
 
Metal-oxide hybrid nanostructures are catalytically more active than that their 
corresponding bulk-phase material counterparts because metal nanostructures are able 
to store electrons in a quantized fashion; this results in a greater reductive capacity 
due to a negative shift in the Fermi level which enhances charge separation and 
reduces charge losses due to recombination effects (Chen et al., 1998 and 1999). For 
example, titania-coated Ag-clusters are able to store photo-induced electrons 
generated by TiO2 under UV irradiation and discharge them to form oxidative 
hydroxyl OH− radicals in the dark for catalytic reactions (Kamat et al., 2007). The 
synergistic interaction between nano-scale metallic catalysts and their oxide supports 
is more effective compared to their separate macroscopic forms, leading to increased 
catalytic performance (Lee et al., 2008). Besides using UV irradiation, electrons can 
also be injected chemically using a reducing agent, such as sodium borohydride 
NaBH4 and stored inside metal cores to be used to accelerate catalytic reductions 
(Kamat et al., 2007). For example, Au nanoparticles have been shown to greatly 
accelerate the catalytic reduction of p-nitrophenol by sodium borohydride NaBH4 by 
acting as nanocatalysts (Lee et al., 2008).  
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In addition to faster catalytic reactions, metal-oxide nanostructures with core-shell 
architectures are useful in preventing the core nanoparticles from aggregating easily 
under harsh reactive conditions during catalytic reactions, which poses a great 
obstacle to the application of nanocatalysts (Lee et al., 2008). Encapsulation with 
oxide shells is a key strategy in ensuring the colloidal dispersibility, high temperature 
stability, and reusability of metal catalysts (Cargnello et al., 2010). Each metal 
nanoparticle can be isolated by a stable and chemically inert solid oxide shell (e.g. 
CoO, TiO2, SiO2 or ZrO shell) which helps to maintain a relatively homogeneous 
environment around the nanoparticle surface for effective catalytic reaction and 
prevents corrosion or dissolution of the noble metal core. Hence, there is fast growing 
interest in synthesizing metal-oxide nanostructures with unique core-shell 
architectures using different oxide materials.  
 
For example, Song and co-workers (Lee et al., 2008) fabricated novel “nanoreactors”, 
in the form of yolk@shell silica-coated gold nanoparticles for catalytic reduction of p-
nitrophenol. The fabrication technique involved stabilizing the gold nanoparticles in 
polymeric poly(vinyl pyrrolidone), depositing a layer of silica using the Stöber 
process and etching the gold core using potassium cyanide. Using monodisperse silica 
coated gold nanoparticles of ~200 nm in diameter as templates, controlled chemical 
etching of the inner ~120 nm gold cores resulted in yolk@shell type nanostructures. 
The silica shell is highly porous, and thus, the gold cores can be etched to the desired 
sizes by potassium cyanide. Figure 1.10 shows TEM images (Lee et al. 2008) of 
examples of nanoreactors with variable gold yolk sizes within a silica shell. The 
permeable and hollow silica shell conveniently facilitates the diffusion of reactants, 
solvents, as well as products. However, the feasibility and reproducibility in uniform 
chemical etching in large-scale quantity need to be addressed and demonstrated.   




Figure 1.10. (A) Synthesis procedure for an Au@SiO2 yolk-shell type nanoreactor. 
Transmission electron microscopy images of Au@SiO2 nanoreactors (B, C and D) 
and silica hollow shells (E). Gold core diameters are etched down to (B) 104 nm, (C) 
67 nm, and (D) 47 nm in diameter (Lee at al., 2008). Scalebar: 100 nm   
(A) 
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In this thesis, we introduce a simple high-yield fabrication technique for large scale 
synthesis of eccentric core-shell Au@TiO2 hybrid nanostructures for catalytic 
application. Our technique uses non-toxic, eco-friendly polysaccharide, hydropropyl 
cellulose, as a “green” capping agent and titanium diisopropoxide bis(acetylacetonate) 
as titanium oxide precursor with a slow hydrolysis rate for high-yield synthesis of 
titania-coated gold nanostructures under room temperature. We show that our 
eccentric Au@TiO2 nanostructures can be recycled for multiple usages as catalysts. 
These eccentric nanostructures will be useful for future studies on diffusional loading 
and release of functional species and are also ideal nanoreactors for realizing confined 
and cooperative catalysis. It is anticipated that these nanostructures will serve as a 
useful platform to study various heterogeneous catalytic reactions, because the 
diffusion of reactants and the morphology of active catalysts can be readily 
manipulated through a rational catalyst design. Study of similar nanoreactors 
framework syntheses with catalytically important metal cores such as Pt, Pd, and Rh, 
as well as their applications in various chemical reactions, are in progress. 
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1.5  Chapter Summary 
 
 
In this chapter, we have reviewed many outstanding works describing several types of 
metal@oxide nanostructures with complex and well-defined core-shell architectures, 
and their respective oxide-coating techniques. The problems associated with these 
existing fabrication techniques and the major obstacle faced in its scaleup production 
and commercialization have been highlighted. Common challenges are related to the 
colloidal instability in alcohol mediums, poor reproducibility due to complexities in 
procedures, or the use of expensive and environmentally unfriendly reactants, or the 
use of energy-intensive high temperature synthesis. 
   
In the following chapters, we will introduce simple and high-yield synthesis 
techniques for silicon or titanium oxide-coated metal core-shell nanostructures using 
sol-gel wet chemical approach. Another simple and large-scale fabrication technique 
based on a physical approach for metal-on-oxide nanostructures exhibiting infinite 
nanohole-array architecture is also proposed. Within our chemical and physical 
approaches, we have incorporated some green chemistry strategies such as the use of 
environmentally friendly water solvent, simplification of nanopatterning procedures, 
minimization of fabrication steps, ambient temperature synthesis, utilization of low-
cost raw materials and reusable end-products, to achieve sustainable and large-scale 
production. We further demonstrate their unique properties of our nanostructures in 
plasmonic sensing, SERS chemical detection and catalytic applications. In addition, a 
new subsurface imaging technique is presented, which is crucial for a simple, fast and 
large-scale analysis and characterization of our core-shell nanostructures. 






Aslan, K.; Wu, M.; Lakowicz, J. R.; Geddes, C. D. “Fluorescent Core−Shell 
Ag@SiO2 Nanocomposites for Metal-Enhanced Fluorescence and Single 
Nanoparticle Sensing Platforms”, J. Am. Chem. Soc. 2007, 129, 1524–1525 
 
Barnakov, Y. A.; Yu, M. H.; Rosenzweig, Z. “Manipulation of the Magnetic 
Properties of Magnetite-Silica Nanocomposite Materials by Controlled Stober 
Synthesis”, Langmuir 2005, 21, 7524-7527 
 
Cargnello, M.; Wieder, N.L.; Montini, T.; Gorte, R. J.; Fornasiero, P. “Synthesis of 
Dispersible Pd@CeO2 Core-Shell Nanostructures by Self-Assembly”, J. Am. Chem. 
Soc. 2010, 132, 1402–1409 
 
Chen, S.; Ingram, R. S.; Hostetler, M. J.; Pietron, J. J.; Murray, R. W.; Schaaff, T. G.; 
Khoury, J. T.; Alvarez, M. M.; Whetten, R. L. “Gold. Nanoelectrodes of Varied Size: 
Transition to Molecule-Like Charging”, Science 1998, 280, 2098-2101 
 
Chen, S.; Murray, R. W. “Electrochemical Quantized Capacitance Charging of 
Surface Ensembles of Gold Nanoparticles”, J. Phys. Chem. B, 1999, 103, 45, 9996-
10000 
 
Das, S. K.; Bhunia, M. K.; Sinha, A. K.; Bhaumik, A. “Self-Assembled Mesoporous 
Zirconia and Sulfated Zirconia Nanoparticles Synthesized by Triblock Copolymer as 
Template”, J. Phys. Chem. C, 2009, 113, 20, 8918–8923 
 
De, S.; Girigoswami, A. “Fluorescence resonance energy transfer—a spectroscopic 
probe for organized surfactant media”, J. Colloid Interface Sci. 2004, 271, 485–495  
 
Dean, S. L.; Stapleton, J. J.; Keating, C. D. “Organically Modified Silicas on Metal 
Nanowires”, Langmuir 2010, 26, 18, 14861–14870 
 
Deng, Y. H.; Cai, Y.; Sun, Z. K.; Liu, J.; Liu, C.; Wei, J.; Li, W.; Liu, C.; Wang, Y.; 
Zhao, D. Y. “Multifunctional Mesoporous Composite Microspheres with Well-
Designed Nanostructure: A Highly Integrated Catalyst System”, J. Am. Chem. Soc. 
2010, 132, 8466–8473 
 
Doering, W. E.; Nie, S. “Spectroscopic Tags Using Dye-Embedded Nanoparticles and 
Surface-Enhanced Raman Scattering”, Anal. Chem. 2003, 75, 22, 6171–6176 
 
Ebbesen, T. W.; Lezec, H. J.; Ghaemi, H. F.; Thio, T.; Wolff, P. A. “Extraordinary 
optical transmission through sub-wavelength hole arrays” Nature 1998, 391, 667-669. 
 
Eswaranand, V.; Pradeep, T. “Zirconia covered silver clusters through functionalized 
monolayers”, J. Mater. Chem., 2002, 12, 2421-2425 
 
 _____________________________________________________________Chapter 1 
_____________________________________________________________________ 
39 
El Roustom, B.; Sine, G.; Foti, G.; Comninellis, C. “A novel method for the 
preparation of bi-metallic (Pt-Au) nanoparticles on boron doped diamond (BDD) 
substrate: Application to the oxygen reduction reaction”, J. Appl. Electrochem. 2007, 
37, 1227-1236 
 
Finnie, K. S.; Bartlett, J. R.; Barbe, C. J.; Kong, L. “Formation of silica nanoparticles 
in microemulsions” Langmuir 2007, 23, 6, 3017-3024 
 
Gao, D.; Chen, W.; Mulchandani, A. “Detection of tumor markers based on extinction 
spectra of visible light passing through gold nanoholes” App. Phys. Lett 2007, 90, 
073901-073903 
 
Gerion, D.; Pinaud, F.; Williams, S. C.; Parak, W. J.; Zanchet, D.; Weiss, S.; 
Alivisatos, A. P. “Synthesis and Properties of Biocompatible Water-Soluble Silica-
Coated CdSe/ZnS Semiconductor Quantum Dots”, J. Phys. Chem. B 2001, 105, 37, 
8861-8871 
 
Gfeller, N.; Megelski, S.; Calzaferri, G. “Transfer of Electronic Excitation Energy 
between Dye Molecules in the Channels of Zeolite L”, J. Phys. Chem. B, 1998, 102, 
14, 2433–2436 
 
Graf, C.; Van Blaaderen, A. “Metallodielectric Colloidal Core−Shell Particles for 
Photonic Applications”, Langmuir 2002, 18, 524–534 
 
Graf, C.; Vossen, D. L. J.; Imhor, A.; van Blaaderen, A. “A General Method To Coat 
Colloidal Particles with Silica”, Langmuir 2003, 19, 6693–6700 
 
Guerrero-Martinez, A.; Perez-Juste, J.; Liz-Marzán, L.M. “Recent progress on silica 
coating of nanoparticles and related nanomaterials”, L. M. Adv. Mater. 2010, 22, 
1182-1195. 
 
Han, Y.; Jiang, J.; Lee, S. S.; Ying, J.Y. “Reverse Microemulsion-Mediated Synthesis 
of Silica-Coated Gold and Silver Nanoparticles”, Langmuir 2008, 24, 11, 5842-5848 
 
Han, D. H.; Lim, S. Y.; Kim, B. J.; Piao J. L.; Chung T. D.; “Mercury(II) detection by 
SERS based on a single gold microshell” Chem. Commun. 2010, 46, 5587–5589 
 
Hara, M.; Kondo, T.; Komoda, M.; Ikeda, S.; Shinohara, K.; Tanaka, A.; Kondo, J. 
N.; Domen, K. “Cu2O as a photocatalyst for overall water splitting under visible light 
irradiation”, Chem. Commun. 1998, 357-358 
 
Hartlen, K. D.; Athanasopoulos, A. P.; Kitaev, V. “Facile preparation of highly 
monodisperse small silica spheres (15 to >200 nm) suitable for colloidal templating 
and formation of ordered arrays”, Langmuir 2008, 24, 5, 1714-1720 
 
Haruta, M. “Gold as a Novel Catalyst in the 21st Century: Preparation, Working 
Mechanism and Applications”, Gold Bull. 2004, 37, 1-2, 27-36 
 Chapter 1_____________________________________________________________ 
_____________________________________________________________________ 
40 
Haruta, M. “Size- and support-dependency in the catalysis of gold”, Catal. Today 
1997, 36, 153. 
 
Henzie, J.; Lee, M. H.; Odom, T. W. “Multiscale patterning of plasmonic 
metamaterials” Nature, 2007, 2, 549-554. 
 
Hirakawa, T.; Kamat, P. V. “Charge Separation and Catalytic Activity of Ag@TiO2 
Core-Shell Composite Clusters under UV-Irradiation” J. Am. Chem. Soc. 2005, 127 
(11), 3928–3934 
 
Horn, W. D. V.; Ogilvie, M. E.; Flynn, P.F. “Reverse Micelle Encapsulation as a 
Model for Intracellular Crowding”, J. Am. Chem. Soc. 2009, 131, 23, 8030–8039 
 
Hu, M.; Chen, J.; Li, Z.-Y.; Au, L.; Hartland, G. V.; Li, X; Marquez, M.; Xia, Y. 
“Gold nanostructures: engineering their plasmonic properties for biomedical 
applications”, Chem. Soc. Rev., 2006, 35, 1084-1094 
 
Jain, T. K.; Roy, I.; De, T. K.; Maitra, A. “Nanometer Silica Particles Encapsulating 
Active Compounds: A Novel Ceramic Drug Carrier”, J. Am. Chem. Soc., 1998, 120, 
43, 11092-11095 
 
Jonsson, M. P.; Dahlin, A. B.; Feuz, L.; Petronis, S.; Hook F. “Locally Functionalized 
Short-Range Ordered Nanoplasmonic Pores for Bioanalytical Sensing” Anal. Chem. 
2010, 82, 2087–2094 
 
Kamat, P. V. “Meeting the Clean Energy Demand: Nanostructure Architectures for 
Solar Energy Conversion” J. Phys. Chem. C 2007, 111, 2834-2860 
 
Kim, B. Y.; Shim, I. B.; Araci, Z. O.; Armstrong, N. R.; Sahoo, R.; Srivastava, D. N.; 
Pyun, J. “Synthesis and Colloidal Polymerization of Ferromagnetic Au-Co 
Nanoparticles into Au-Co3O4 Nanowires” J. Am. Chem. Soc., 2010, 132, 3234-3235 
 
Kumar, C. V.; Chaudhari, A. “Probing the donor and acceptor dye assemblies at the 
galleries of -zirconium phosphate”, Microporous Mesoporous Mater. 2000, 41, 307-
318 
 
Kuo, C. H.; Huang, M. H. “Facile Synthesis of Cu2O Nanocrystals with Systematic 
Shape Evolution from Cubic to Octahedral Structures”, J. Phys. Chem. C, 2008, 112, 
47, 18355–18360 
 
Kuo, C. H.; Hua, T.-E.; Huang, M. H. “Au Nanocrystal-Directed Growth of Au−Cu2O 
Core−Shell Heterostructures with Precise Morphological Control”, J. Am. Chem. 
Soc., 2009, 131, 49, 17871–17878 
 
Lakowicz, J. R. “Principles of Fluorescence Spectroscopy”, Plenum, New York, 1983  
 
 _____________________________________________________________Chapter 1 
_____________________________________________________________________ 
41 
Lal, S.; Clare, S. E.; Halas, N. J. “Nanoshell-Enabled Photothermal Cancer Therapy: 
Impending Clinical Impact”, Acc. Chem. Res. 2008, 41, 1842–1851. 
 
Lee, K. J.; Oh, J. H.; Kim, Y. G.; Jang, J. “Fabrication of Photoluminescent-Dye 
Embedded Poly(methyl methacrylate) Nanofibers and Their Fluorescence Resonance 
Energy Transfer Properties”, Adv. Mater. 2006, 18, 17, 2216-2219 
 
Lee, H. B.; Yoo, Y. M.; Han, Y. H.  “Characteristic optical properties and synthesis of 
gold–silica core–shell colloids”, Scr. Mater. 2006, 55, 12, 1127–1129 
 
Lee, K. L.; Lee, C. W.; Wang, W. S. “Sensitive biosensor array using surface plasmon 
resonance on metallic nanoslits” J.  Biomed Optics 2007, 12, 4, 044023 -044028. 
 
Lee, J. G.; Park, J. C.; Song, H. J. “A Nanoreactor Framework of a Au@SiO2 
Yolk/Shell Structure for Catalytic Reduction of p-Nitrophenol”, Adv. Mater. 2008, 
20, 1523–1528 
 
Li, J.; Zeng, H. C. “Size Tuning, Functionalization, and Reactivation of Au in TiO2 
Nanoreactors”, Angew. Chem. Int. Ed. 2005, 44, 4342 –4345 
 
Li, C.H.; Zhang, Y.; Hu, J.; Cheng, J.; Liu, S. “Reversible Three-State Switching of 
Multicolor Fluorescence Emission by Multiple Stimuli Modulated FRET Processes 
within Thermoresponsive Polymeric Micelles”, Angew. Chem. Int. Ed. 2010, 49, 
5120–5124 
 
Lim, B.; Xiong, Y. J.; Xia, Y. N. “A Water-Based Synthesis of Octahedral, 
Decahedral, and Icosahedral Pd Nanocrystals” Angew. Chem., Int. Ed. 2007, 46, 
9279-9282 
 
Liu, J.; Qiao, S. Z.; Hartono, S. B.; Lu, G. Q. M. “Monodisperse Yolk–Shell 
Nanoparticles with a Hierarchical Porous Structure for Delivery Vehicles and 
Nanoreactors”, Angew. Chem. Int. Ed. 2010, 49, 4981 –4985 
 
Liu, S. H.; Han, M. Y. “Synthesis, Functionalization and Bioconjugation of 
Monodisperse, Silica-coated Gold Nanoparticles: Robust Bioprobes”, Adv. Funct. 
Mater. 2005, 15, 961 –967 
 
Liu, S. H., Wong, Y. V.; Wang, Y. B.; Wang, D. S.; Han, M.Y. “Controlled Release 
and Absorption Resonance of Fluorescent Silica-Coated Platinum Nanoparticles” Adv. 
Funct. Mater. 2007, 17, 3147 –3152; 
 
Liu, S. H.; Han, M. Y. “Silica-Coated Metal Nanoparticles” Chem. Asian J. 2010, 5, 
36–45 
 
Liu, X.; Knauer, M.; Ivleva, N. P.; Niessner, R.; Haisch, C. “Synthesis of Core-Shell 
Surface-Enhanced Raman Tags for Bioimaging”, Anal. Chem. 2010, 82, 441–446 
 
 Chapter 1_____________________________________________________________ 
_____________________________________________________________________ 
42 
Liz-Marzán, L. M.; Giersig, M.; Mulvaney, P. “Synthesis of Nanosized Gold-Silica 
Core-Shell Particles” Langmuir 1996, 12, 4329 
 
Lu, Y.; Yin, Y. D.; Li, Z. Y.; Xia, Y. N. “Synthesis and Self-Assembly of Au@SiO2 
Core-Shell Colloids”, Nano Lett. 2002, 2, 7, 785-788 
 
Mayya, K. S.; Caruso, F. “Gold-Titania Core-Shell Nanoparticles by Polyelectrolyte 
Complexation with a Titania Precursor” Chem. Mater., 2001, 13, 3833-3836 
 
Mulvaney, S. P.; Musick, M. D.; Keating, C. D.; Natan, M. J. “Glass-Coated, 
Analyte-Tagged Nanoparticles: A New Tagging System Based on Detection with 
Surface-Enhanced Raman Scattering”, Langmuir 2003, 19, 4784-4790 
 
Murphy, C. J.; San, T. K.; Gole, A. M.; Orendorff, C. J.; Gao, J. X.; Gou, L.; 
Hunyadi, S. E.; Li, T. “Anisotropic Metal Nanoparticles: Synthesis, Assembly, and 
Optical Applications”, J. Phys. Chem. B 2005, 109, 29, 13857-13870 
 
Murray, M.P.; Ratel, M.; Masson, J.F. “Optical Properties of Au, Ag, and Bimetallic 
Au on Ag Nanohole Arrays” J. Phys. Chem. C 2010, 114, 8268-8275. 
 
Na, H. B.; Lee, J. H.; An, K.; Park, Y. I.; Park, M.; Lee, I. S.; Nam, D. H.; Kim, S. T.; 
Kim, S. H.; Kim, S. W.; Lim, K. H.; Kim, K. S.; Kim, S.-O.; Hyeon, T. “ 
Development of a T1Contrast Agent for Magnetic Resonance Imaging Using MnO 
Nanoparticles”, Angew. Chem. 2007, 119, 28, 5493–5497, Angew. Chem. Int. Ed. 
2007, 46, 28, 5397–5401
 
Ng, C. H. B.; Fan, W. Y. “Shape Evolution of Cu2O Nanostructures via Kinetic and 
Thermodynamic Controlled Growth”, J. Phys. Chem. B., 2006, 110, 42, 20801-20807 
 
Obare, S. O.; Jana, N. R.; Murphy, C. J. “Preparation of Polystyrene- and Silica-
Coated Gold Nanorods and Their Use as Templates for the Synthesis of Hollow 
Nanotubes”, Nanolett 2001, 1, 11, 601-603 
 
Oldfield, G.; Ung, T.; Mulvaney, P. “Au@SnO2 Core-Shell Nanocapacitors” Adv. 
Mater., 2000, 12, 1519-1522 
 
Pandey, A. D.; Gttel, R.; Leoni, M.; Schth, F.; Weidenthaler, C. “Influence of the 
Microstructure of Gold−Zirconia Yolk−Shell Catalysts on the CO Oxidation 
Activity”, J. Phys. Chem. C, 2010, 114, 45, 19386–19394 
 
Pastoriza-Santos, I.; Liz-Marzán, L. M. “Formation and Stabilization of Silver 
Nanoparticles through Reduction by N,N-Dimethylformamide”, Langmuir 1999, 15, 
4, 948-951. 
 
Pastoriza-Santos, I.; Koktysh, D. S.; Mamedov, A. A.; Giersig, M.; Kotov, N. A.; Liz-
Marzán, L. M. “One-Pot Synthesis of Ag@TiO2 Core-Shell Nanoparticles and Their 
Layer-by-Layer Assembly”, Langmuir 2000, 16, 2731-2735 
 _____________________________________________________________Chapter 1 
_____________________________________________________________________ 
43 
Pastoriza-Santos, I.; Perez-Juste, J.; Liz-Marzán, L. M. “Silica-Coating and 
Hydrophobation of CTAB-Stabilized Gold Nanorods” Chem. Mater. 2006, 18, 10, 
2465-2467 
 
Prashant V. K. “Meeting the Clean Energy Demand: Nanostructure Architectures for 
Solar Energy Conversion”, J. Phys. Chem. C, 2007, 111, 7, 2834-2860 
 
Roca, M.; Haes, A. J.; “Silica-Void-Gold Nanoparticles: Temporally Stable Surface-
Enhanced Raman Scattering Substrates”, J. Am. Chem. Soc. 2008, 130, 14273–14279 
 
Rogach, A. L.; Nagesha, D.; Ostrander, J. W.; Giersig, M.; Kotov, N. A. “Raisin 
Bun”-Type Composite Spheres of Silica and Semiconductor Nanocrystals”, Chem. 
Mater. 2000, 12, 9, 2676-2685 
 
Schimpf, S.; Lucas, M.; Mohr, C.; Rodemerk, U.; Buckner, A.; Radnik, J.; 
Hofmeister, K.; Claus, P. “Supported gold nanoparticles: in-depth catalyst 
characterization and application in hydrogenation and oxidation reactions”, Catal. 
Today 2002, 72, 1-2, 63-78 
 
Schladt, T. D.; Shukoor, M. I.; Schneider, K.; Tahir, M. N.; Natalio, F.; Ament, I.; 
Becker, J.; Jochum, F. D.; Weber, S.; Köhler, O.; Theato, P.; Schreiber, L. M.; 
Sönnichsen, C.; Schröder, H. C.; Möller, W. E. G.; Tremel, W. “Au@MnO 
Nanoflowers: Hybrid Nanocomposites for Selective Dual Functionalization and 
Imaging”, Angew. Chem. Int. Ed. 2010, 49, 23, 3976–3980 
 
Scott, B. J.; Bartl, M. H.; Wirnsberger, G.; Stucky, G. D. “Energy Transfer in Dye-
Doped Mesostructured Composites”, J. Phys. Chem. A, 2003, 107, 29, 5499-5502 
 
Shi, W. L.; Zeng, H.; Sahoo, Y.; Ohulchanskyy, T. Y.; Ding, Y.; Wang, Z. L.; 
Swihart, M.; Prasad, P. N. “A General Approach to Binary and Ternary Hybrid 
Nanocrystals” Nano Lett., 2006, 6, 875-881 
 
Sioss, J. A.; Keating, C. D. “Batch Preparation of Linear Au and Ag Nanoparticle 
Chains via Wet Chemistry”, Nano Lett. 2005, 5, 9, 1779–1783. 
 
Song, S.; Liang, Z.; Zhang, J.; Wang, L.; Li, G.; Fan, C.“ Gold-Nanoparticle-Based 
Multicolor Nanobeacons for Sequence-Specific DNA Analysis”, Angew. Chem. 
2009, 121, 46, 8826 – 8830; Angew. Chem. Int. Ed. 2009, 48, 8670–8674 
 
Stöber, W.; Fink, A.; Bohn, E. “Controlled growth of monodisperse silica spheres in 
micron size range”, J. Colloid Interf. Sci. 1968, 26, 1, 62-69 
 
Tanabe, K. “Surface and catalytic properties of ZrO2”, Mater. Chem. Phys. 1985, 13, 
3-4, 347-364 
 
 Chapter 1_____________________________________________________________ 
_____________________________________________________________________ 
44 
Tang, B. X.; Wang, F.; Li, J. H.; Xie, Y. X.; Zhang, M. B. “Reusable 
Cu2O/PPh3/TBAB system for the cross-couplings of aryl halides and heteroaryl 
halides with terminal alkynes”, J. Org. Chem. 2007, 72, 16, 6294-6297 
 
Tom, R. T.; Nair, A. S.; Nagendra, C. L.; Philip, R.; Vijayamohanan, K.; Pradeep,  T. 
“Freely Dispersible Au@TiO2, Au@ZrO2, Ag@TiO2, and Ag@ZrO2 Core-Shell 
Nanoparticles One-Step Synthesis, Characterization, Spectroscopy, and Optical 
Limiting Properties” Langmuir, 2003, 19, 3439-3445 
 
Tunc, I.; Demirok, U. K.; Suzer, S.; Correa-Duatre, M. A.; Liz-Marzán, L. M. 
“Charging/Discharging of Au (Core)/Silica (Shell) Nanoparticles as Revealed by 
XPS”, J. Phys. Chem. B 2005, 109, 24182-24184 
 
Turner, M.; Golovko, V.B.; Vaughan1, O.P. H.; Abdulkin, P.; Berenguer-Murcia1, 
A.; Tikhov, M. S.; Johnson, B. F. G.; Lambert, R, M. “Selective oxidation with 
dioxygen by gold nanoparticle catalysts derived from 55-atom clusters”, Nature 2008, 
454, 981-983 
 
Valden, M.; Lai, X.; Goodman, D. W. “Onset of Catalytic Activity of Gold Clusters 
on Titania with the Appearance of Nonmetallic Properties”, Science 1998, 281, 1647. 
 
Van Blaaderen, A. V.; Vrij, A. “Synthesis and Characterization of Colloidal 
Dispersions of Fluorescent, Monodisperse Silica Spheres”, Langmuir 1992, 8, 12, 
2921-2931 
 
Wang, L.; Tan, W. H.  “Multicolor FRET Silica Nanoparticles by Single Wavelength 
Excitation”, Nanolett 2006, 6, 1, 84-88 
 
Wang, L.; Liu, Y.; Chen, F.; Zhang, J.; Anpo, M. “Manipulating Energy Transfer 
Processes between Rhodamine 6G and Rhodamine B in Different Mesoporous 
Hosts”, J. Phys. Chem. C, 2007, 111, 14, 5541-5548 
 
Wang, L. Z.; Liu, Y. L.; Chen, F.; Zhang, J. L; Anpo, M. “Manipulating Energy 
Transfer Processes between Rhodamine 6G and Rhodamine B in Different 
Mesoporous Hosts” J. Phys. Chem. C 2007, 111, 5541-5548 
 
Wang, L.; Zhao, W.; Tan, W. H. “Bioconjugated Silica Nanoparticles: Development 
and Applications”, Nano Res, 2008, 1, 99-115 
 
Wang, R. B.; Peng, J.; Qiu, F.; Yang, Y. L.; Xie, Z. Y. “Simultaneous blue, green, and 
red emission from diblock copolymer micellar films: a new approach to white-light 
emission”, Chem. Commun. 2009, 6723–6725 
 
Weil, T.; Reuther, E.; Mullen, K. “Shape-Persistent, Fluorescent Polyphenylene 
Dyads and a Triad for Efficient Vectorial Transduction of Excitation Energy”, 
Angew. Chem. 2002, 114, 11, 1980–1984; Angew. Chem. Int. Ed. 2002, 41, 11, 
1900–1904 
 _____________________________________________________________Chapter 1 
_____________________________________________________________________ 
45 
White, B.; Yin, M.; Hall, A.; Le, D.; Stolbov, S.; Rahman, T.; Turro, N.; O’Brien, S. 
“Complete CO oxidation over Cu2O nanoparticles supported on silica gel”, Nano Lett. 
2006, 6, 9, 2095-2098 
 
Wiley, B. J.; Im S. H.; Li Z. Y.; McLellan, J.; Siekkinen A.; Xia Y. N. “Maneuvering 
the Surface Plasmon Resonance of Silver Nanostructures through Shape-Controlled 
Synthesis”,  J. Phys. Chem. B 2006, 110, 15666-15675 
 
Wolcott, A.; Gerion, D.; Visconte, M.; Sun, J.; Schwartzberg, A.; Chen S.; Zhang, J. 
Z. “Silica-Coated CdTe Quantum Dots Functionalized with Thiols for Bioconjugation 
to IgG Proteins”, J. Phys. Chem. B 2006, 110, 5779 
 
Woodward, J. D.; Pickel, J. M.; Anovitz, L. M.; Heller, W. T.; Rondinone, A. J. “Self-
Assembled Colloidal Crystals from ZrO2 Nanoparticles”, J. Phys. Chem. B, 2006, 
110, 39, 19456–19460 
 
Wu, X. F.; Song, H. Y.; Yoon, J. M.; Yu, Y. T.; Chen, Y. F. “Synthesis of Core-Shell 
Au@TiO2 Nanoparticles with Truncated Wedge-Shaped Morphology and Their 
Photocatalytic Properties”, Langmuir 2009, 25, 6438–6447 
 
Xu, H.; Wang, W.; Zhu, W. “Shape Evolution and Size-Controllable Synthesis of 
Cu2O Octahedra and Their Morphology-Dependent Photocatalytic Properties”, J. 
Phys. Chem. B, 2006, 110, 28, 13829-13834 
 
Xue, C.; Chen, X.; Hurst, S. J.; Mirkin, C. A. “Self-Assembled Monolayer Mediated 
Silica Coating of Silver Triangular Nanoprisms”, Adv. Mater. 2007, 19, 4071–4074 
 
Yang, H. H.; Zhang, S. Q.; Chen, X. L.; Zhuang, Z. X.; Xu, J. G.; Wang, X. R. 
“Magnetite-Containing Spherical Silica Nanoparticles for Biocatalysis and 
Bioseparations”, Anal. Chem. 2004, 76, 5, 1316-1321 
 
Yang, Z. X.; Wu, R. Q.; Goodman, D. W. “Chemical Properties of Au-adlayer on 
TiO2(110)”, Phys. Rev. B 2000, 6, 14066. 
 
Yang, J. C.; Ji, J.; Hogle, J. M.; Larson D. N. “Metallic Nanohole Arrays on 
Fluoropolymer Substrates as Small Label-Free Real-Time Bioprobes” Nanolett 2008, 
8, 9, 2718-2724 
 
Yen, C. W.; Mahmoud, M. A.; El-Sayed M. A. “Photocatalysis in Gold Nanocage 
Nanoreactors” J. Phys. Chem. A 2009, 113, 4340–4345 
 
Zeng, Q. H.; Zhang, Y. L.; Liu, X. M.; Tu, L. P.; Wang, Y.; Kong, X. G.; Zhang, H. 
“Au/SiO2 core/shell nanoparticles enhancing fluorescence resonance energy transfer 




 Chapter 1_____________________________________________________________ 
_____________________________________________________________________ 
46 
Zhang, H.; Zhu, Q.; Zhang, Y.; Wang, Y.; Zhao, L.; Yu, B. “One-Pot Synthesis and 
Hierarchical Assembly of Hollow Cu2O Microspheres with Nanocrystals-Composed 
Porous Multishell and Their Gas-Sensing Properties”, Adv. Funct. Mater. 2007, 17, 
15, 2766-2771 
 
Zhang, N.; Liu, S.; Fu, X.; Xu, Y. J. “Synthesis of M@TiO2 (M = Au, Pd, Pt) Core–
Shell Nanocomposites with Tunable Photoreactivity”, J. Phys. Chem. C, 2011, 115, 
18, 9136–9145 
 
Zhao, D.; Seo, S. J.; Bae, B. S. “Full-Color Mesophase Silicate Thin Film Phosphors 
Incorporated with Rare Earth Ions and Photosensitizers”, Adv. Mater. 2007, 19, 21, 
3473–3479 
 
Zhao, W.; Gu, J.; Zhang, L.; Chen, H.; Shi, J. “Fabrication of Uniform Magnetic 
Nanocomposite Spheres with a Magnetic Core/Mesoporous Silica Shell Structure”, J. 
Am. Chem. Soc. 2005, 127, 25, 8916-8917 
 
Zhou, H. P.; Wu, H. S.; Shen, J.; Yin, A. X.; Sun, L. D.; Yan, C. H. “Thermally 
Stable Pt/CeO2 Hetero-Nanocomposites with High Catalytic Activity” J. Am. Chem. 
Soc., 2010, 132, 4998-4999  
 




















2.2 Materials and methods 
2.3 Sol-gel synthesis of silica nanostructures in aqueous solution 
2.4 Systematic studies using different precursors  
2.5 Silica growth mechanism 
2.6 Time-dependent silica-growth 
2.7 Nanostructure characterization  
2.8 Chapter summary 
 Chapter 2_____________________________________________________________ 
_____________________________________________________________________ 
48 
2.1  Introduction 
 
Oxide nanostructures are one of the cornerstones of nanoscience and nanotechnology 
due to their well-defined dimensions and functional properties (Hartlen et al., 2008). 
Silicon oxide (or silica) is one of the most versatile of oxide materials used for 
fabricating colloidal nanostructures with outstanding properties such as chemical 
inertness, optical transparency, biocompatibility, ease-of-preparation, convenient 
processability, and potential for functionalization (Lu et al., 2011). In particular, silica 
nanostructures in the form of spherical colloidal particles are known for their 
remarkable colloidal stability and excellent solubility due to the presence of abundant 
surface silanol groups and strong negative surface charge (Hartlen et al., 2008). Silica 
nanoparticles can be used as nanocarriers for encapsulating different nanomaterials 
such as fluorophores, metal and semiconductor nanoparticles; these form as internal 
cores, creating hybrid nanostructures with multi-functional properties for important 
applications such as magnetism, fluorescence, catalysis and optics (Van Blaaderen et 
al., 1992; Lu et al., 2007; Lee et al., 2008; Liu et al., 2010). Furthermore, the silica 
nanoparticles can serve as a host matrix which can (1) protect the embedded core 
nanomaterial from oxidation and from harmful molecules in solution, (2) prevent 
undesired adsorption of molecules onto the embedded core surface, (3) act as 
structural support, (4) enable stable transfer to different solvents, and (5) allow 
decoration of the particle surface with functional groups for biomolecular attachment 
(He et al., 2007; Lee et al., 2007; Dean et al., 2010). Hence, there is a strong research 
interest in synthesizing high-quality silica nanoparticles, which are ideal candidates 
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for applications in diverse fields such as photonics, nanopatterning, and fluorescent 
biosensing (Wang et al., 2008; Yokoi et al., 2009; Liu et al., 2010). 
 
Until today, there has been extensive research in the synthesis of silica nanoparticles. 
Since the pioneering work by Stöber et al. (1968) who synthesized monodispersed 
silica nanoparticles via sol-gel process using tetraalkyl silicate as a silica precursor 
and ammonia as catalyst in ethanol medium, substantial research has been dedicated 
to creating silica particles with a narrow distribution of sizes, controllable size and 
shape, and various surface properties. However, one disadvantage of the Stöber 
process requires the use of large amount of alchohol such as ethanol or isopropanol as 
solvent for silica synthesis, due to the poor solubility of its silane precursor, 
tetraethyl-orthosilicate TEOS, in water (Han et al, 2008). The utilization of large 
amount of organic solvent would introduce impurities and generate excessive waste 
material; resulting the technique being environmentally unappealing and cost 
ineffective for scaleup production. Another disadvantage is the need for an additional 
procedure to covalently graft the silica surface with organic functional groups, such as 
thiol, amine, carboxyl, or other organic groups so as to functionalize the silica 
particles, in order to attach biomolecules onto the silica particles for bioapplications. 
The extra step to graft functional groups is hard to control and poorly reproducible, 
and it requires multiple inconvenient processing steps such as purification and change 
in solvents (Lee et al., 2007). The surface coverage of organic groups on the silica 
surface is generally low due to steric hindrance and is subjected to losses by leaching 
(Dean et al., 2010). Hence, there is a need to develop a simpler, sustainable and cost-
effective technique for functionalized silica nanoparticle synthesis.  
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Recently, MPTMS has been studied as an interesting silane precursor for the synthesis 
of silica nanoparticles due to several advantages such as (1) the ability to undergo sol-
gel process in aqueous condition due to its water solubility, (2) the ability to form 
organic-inorganic hybrid silica nanoparticles with high-density of accessible thiol 
groups, and (3) their high colloidal stability due to its strong negative zeta potential 
(Nakamura et al., 2010; Lu et al., 2011). The use of MPTMS as a silane precursor 
could provide a more convenient and environmentally benign route for the “green” 
synthesis of silica nanoparticles, without the need for toxic organic solvents or 
reagents, as opposed to employing Stöber method using an insoluble precursor, TEOS. 
 
For instance, Johnston et al. (2005) and Lee et al. (2007) synthesized monodispersed 
silica particles using MPTMS, but their particle sizes were very large (more than 1.2 
and 2.5 m in diameter respectively). In another work, Nakamura et al. (2010) 
synthesized smaller sub-micron sized silica particles (diameter < 1 μm) by incubating 
MPTMS in basic solution, but this technique requires an elevated temperature to 
speed up the synthesis process and the resulting nanoparticles were highly 
polydispersed. Another work by Lu and co-workers also produced polydispersed 
particles using MPTMS and attributed the problem to the Ostwald ripening effect (Lu 
et al, 2011). So far, particle size distribution is highly polydispersed and the silica 
growth mechanism is still unclear (Lu et al., 2011). Thus, there is a need to 
understand the MPTMS-based silica growth mechanism and improve on the water-
based technique to prepare monodispersed silica nanoparticles.  
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In this chapter, we present a simple one-pot water-based synthesis technique for 
preparing monodispersed silica nanoparticles (100 ~ 500 nm) using MPTMS. Unlike 
previous work by Nakamura et al. (2010), our synthesis was carried out at room 
temperature for greater ease of preparation and the high density of organic thiol 
groups on the silica particles are preserved (Lee et al., 2007). Contrary to prior 
techniques based on static incubation which takes days to complete and results in 
highly polydispersed silica particles (Johnston et al., 2005; Lu et al., 2011), our 
reaction mixture is put under continuous shaking which improves monodispersity and 
shortens our synthesis cycle time to a few hours (Yokoi et al., 2009).  In order to 
understand the silica growth mechanism, we compared the effect of using MPTMS 
with other silane precursors which are structurally close analogues, namely TEOS and 
TMOS, using the same synthesis process. Additionally, the hydrolysis and 
condensation process of MPTMS is systematically investigated using UV 
spectroscopy and NMR techniques. Lastly, the structural, morphological, and 
compositional properties of the silica particles were characterized using SEM, TEM, 
EDX, XRD, Ellman Reagent and zeta potential measurements.  
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2.2  Methods and Materials 
 
 
2.2.1 Materials   
 
Tetraethyl-orthosilicate (TEOS) (>99%, Aldrich), tetramethyl-orthosilicate (TMOS) 
(>99%, Aldrich) and 3-mercaptopropyl-trimethoxysilane (MPTMS) (>99%, Aldrich) 
were used as silane precursors. Ammonia (30 wt%, AR, Malinckrodt) and absolute 






UV-vis spectroscopy. UV-visible spectra were taken with a Shimadzu UV-3150 
spectrophotometer. 
 
Electron microscopy. Transmission electron microscopy (TEM) images were 
recorded using a JEOL 1010 TEM operating at an accelerating voltage of 100 kV. 
High resolution TEM images were recorded using a Philips CM 300 FEGTEM 
operating at an accelerating voltage of 300 kV. The samples were prepared by 
dropping the solutions of nanoparticles onto 300-mesh carbon-coated copper grids. 
Scanning electron microscopy images were taken using a JEOL 6360 LVSEM. 
 
EDX spectroscopy. The JEOL 5600 is a tungsten source scanning electron 
microscope equipped with an Oxford/LINK EDS (energy dispersive x-ray 
spectrometer) for elemental composition on a sample surface. Samples of Silica 
particle (10 μL) were deposited on carbon film and allowed to dry before taking EDX 
spectra at 500× magnification and an acceleration voltage of 15 kV. 
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Liquid NMR spectroscopy. The solution-state 29Si NMR spectra were collected on a 
Bruker AV-400 spectrometer equipped with a 5 mm broadband probe operating at 
79.495 MHz. Aqueous phase and suspension samples (25% v/v) and MPTMS and oil 
phase samples (10% v/v) were prepared in acetone-d6 up to a final volume of 1mL. 
The 29Si spectra were acquired using the INEPTRD sequence with 1H decoupling 
acquisition and referenced to a 1% TMS (0 ppm) sample. For each sample, 160 scans 
were acquired with a spectral width of 31847 Hz using an acquisition time of 0.257 
second and a relaxation delay of 1 second.  
 
Solid NMR spectroscopy. The solid-state 29Si NMR spectra were collected on a 
Varian 400MHz NMR spectrometer operating at 79.459 MHz. The 1D 29Si pulse 
sequence was applied. Experiments were performed with a 4 mm double resonance 
T3 HX MAS solid probe. Samples were packed into a 4mm zirconia sample holder 
and the MAS spinning speed used was 16 kHz. The 90° pulse time for 29Si was 3.5 s. 
The spectra were recorded using the standard pulse and collection sequence with a 
recycle delay of 10 seconds and high-power proton decoupling during the acquisition. 
A total of 8000 scans were made. During processing, a line broadening of 50 Hz was 
used. For the solid NMR, contact time was 2 ms, while acquisition time was 0.039 
second. Standard notation Tn is used to describe different silicate units, i.e. Tn for 
ternary species, where the numerical subscript, n, indicates the number of siloxane 
bonds involved. 
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XRD diffractograms. Wide-angle x-ray diffraction (XRD) measurements were 
carried out using a Siemens D5005 Diffractometer using Ni-filtered Cu KR (1.542 Å) 
radiation (40 kV, 40 mA). Powder samples of silica particles were mounted on a 
sample holder and scanned from 10° to 35° in 2 at a speed of 0.6° per minute. 
 
Synthesis of silica particles in aqueous solution using MPTMS. Silane precursor 
MPTMS (60 μL) was dissolved in 30 mL water in a 50 mL polypropylene conical 
tube until a transparent solution was obtained. The pH was measured to be 6.5. Then 
ammonia (120 μL, 30 wt%) was added to the mixed solution. The pH was measured 
to be 10. The reaction mixture was shaken at 300 rpm using an orbital Innova 4080 
incubator shaker under room temperature for 3 hrs. The reacted mixture was then 
centrifuged at 3000 rpm for 10 minutes and the silica nanoparticles were redispersed 
into water for a further 3 rounds of centrifugation. The silica shell thickness was 
adjusted by varying the reaction time. 
 
Quantifying free sulfhydryl groups using Ellman’s reagent. The average number 
of free −SH thiol groups per nanoparticle was estimated using the Ellman’s thiol 
quantification method (Ellman et al., 1959). Quantification buffer (0.5 mL, 0.1 M 
sodium phosphate pH 8, 1 mM EDTA) was mixed with 10 L of Ellman’s reagent 
(solid 5,50-dithiobis(2-nitrobenzoic acid) dissolved in 1mL of quantification buffer). 
Then, 50 L of thiol containing solution was introduced and mixed well. The reaction 
mixture was incubated for 15 minutes at room temperature. The maximum absorbance 
was measured at 412 nm and the thiol content was calculated from a calibration curve. 
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2.3 Sol-gel synthesis of silica nanostructures in aqueous solutions 
 
Figure 2.1 illustrates the process for preparing monodispersed silica nanoparticles 
using MPTMS. Silica nanoparticles are prepared using a MPTMS precursor as the 
only silica source. The precursor MPTMS is dispersed initially as large oil droplets in 
water, which is used as the main solvent, instead of alcohol. Within several minutes of 
shaking, the solution starts to appear turbid due to the formation of tiny MPTMS oil 
droplets that scatter visible light (Figure 2.1A). After 2-3 hours of shaking, the 
solution becomes clear, indicating that MPTMS has hydrolysed (Figure 2.1B). 
Subsequently, ammonia is added as catalyst. After a few hours of vigorous shaking at 
room temperature, silica nanoparticles are formed. Figure 2.2 shows SEM images of 
highly monodispersed silica nanoparticles produced using our technique. This process 
of hydrolysis and condensation of MPTMS leading to the formation of solid spheres 
is similar to the Stöber process, except that no ethanol is used. Unlike Nakamura’s 
method (2010) which requires 1 to 3 days of incubation at 100 °C, our technique 
produces sub-micron silica particles within a shorter time of a few hours and is carried 
out at room temperature. Previously, Trau and co-workers used a two-step process 
involving acid-catalyzed hydrolysis and base catalyzed condensation of MPTMS in 
aqueous solution to produce large micron-sized particles (> 2.5 μm) over 24 hours 
(Miller et al., 2005). Distinctly different from both Nakamura and Johnston’s 
techniques, the improved uniformity in particle size can be attributed to the constant 
shear under continuous shaking throughout the process. It has been reported that silica 
particles tend be monodispersed under stirring and polydispersed due to non-
homogenous silica growth under static (non-shaking or non-stirring) incubation 
conditions (Yokoi et al., 2009). Furthermore, continuous shaking helps to speed up 
the reaction process and shorten the yield time.  







Figure 2.1. Schematic outlining the preparation process for monodispersed silica 
nanoparticles in aqueous solution using MPTMS as the sole silica source. The process 
is broken up into 3 stages: (A) MPTMS is added into water, forming oil droplets, (B) 
the mixture is subjected to shaking at 300 rpm for 2-3 hours, where MPTMS is 
hydrolysed to give a clear solution, and (C) silica nanoparticles are formed through 
condensation under basic conditions with ammonia catalyst. 
 
 




Add ammonia and 

















Figure 2.2. SEM images showing monodispersed silica nanoparticles of diameter 250 
nm and 450 nm synthesized after shaking in aqueous solution for (A) 1 hour, and (B) 
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2.4 Systematic studies using different precursors 
 
 
In order to understand the mechanism for aqueous silica formation, we studied the 
effects of molecular structures on sol-gel synthesis of silica nanoparticles using three 
different but structurally similar silane precursors, namely TEOS, TMOS and 
MPTMS. Both TEOS and TMOS were chosen because they are commonly used 
silane precursors for silica synthesis (Zou et al., 2008) and they are structurally 
similar to MPTMS, except for the number of carbon chains and the thiol moiety.  The 
chemical structures of all three precursors are shown in Figure 2.3.  
 
In our first case, we investigated the sol-gel synthesis of silica nanoparticles in 
ethanol/water solution with these three silane precursors using the classic Stöber 
method, and following the same molar concentrations reported by Liane et al. (2005), 
as shown in Table 2.1A. As expected, TEOS quickly precipitates out of solution phase 
to form solid silica nanoparticles shortly. Instead of forming spherical silica particles, 
both TMOS and MPTMS solutions formed an extensive gel-like diphasic system 
containing both a liquid and solid phase whose morphology consists mainly of 
continuous long chained polymer networks. This is due to the high concentration of 
hydrolysed TMOS and MPTMS silicates which led to a fast reaction-controlled 
growth, forming an extensive connected silica network. The gel network is 
predominantly formed from TMOS and MPTMS because they react faster than TEOS 
and then polycondense into a polymer network. It is known that high ethanol 
concentration lowers the solubility of silicates drastically and this encourages fast 
silica precipitation out of the solution phase via condensation and polymerization (Liz 
Marzán et al., 1996). Thus, the three-dimensional polymeric networking results in a 
gel formation, instead of spherical particles.  






Figure 2.3. Chemical structures of silane precursors, (A) tetraethoxysilane, TEOS; 















OCH3       H3CO 
(C) MPTMS 







Volume Ratio (mL) 
Ethanol:Water: 
Ammonia:Precursor 
Solubility     




(After 3 hrs) 
(A) Stöber Method  
TEOS Ethanol 22.5 : 3 : 3 : 1.5 Fully Dissolved 
Colloidal 
silica particles 
TMOS Ethanol 22.5 : 3 : 3 : 1.5 Fully Dissolved 
gel-like 
solution 
MPTMS Ethanol 22.5 : 3 : 3 : 1.5 Fully Dissolved 
gel-like 
solution 
(B) Sol-gel synthesis in aqueous solution (volume ratio same as (a) but no ethanol) 
TEOS    Water 0 : 25.5 : 3 : 1.5 Cannot dissolve Oil droplets 
TMOS    Water 0 : 25.5 : 3 : 1.5 Fully dissolved 
Transparent 
solution 
MPTMS    Water 0 : 25.5 : 3 : 1.5 Partially dissolved Oil droplets 
(C) Sol-gel synthesis in aqueous solution (volume ratio used in this thesis) 
TEOS    Water 0 : 29.8 : 0.12 : 0.06 Cannot dissolve Oil droplets 
TMOS    Water 0 : 29.8 : 0.12 : 0.06 Fully Dissolved 
Transparent 
solution 





Table 2.1. Sol-gel synthesis of silica nanoparticles using TEOS, TMOS, and MPTMS 
silane precursors. (A) Synthesis by Stöber method using volume ratio, reported by 
Liane et al. (2005). (B) Synthesis using the same volume ratio, but water is used in 
place of ethanol. (C) Synthesis using volume ratio reported in this thesis. “Final 
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In our second case, we investigate the sol-gel synthesis of silica nanoparticles in 
aqueous solution (Table 2.1B) following the same molar concentrations as in (A), 
except ethanol was replaced by water. We observed that TMOS is the most soluble 
precursor among the three silanes, completely dissolving in water within 30 minutes. 
Due to TMOS’s high solubility even in the absence of ethanol, it has difficulty 
precipitating out of the aqueous solution phase into solid silica even after adding 
ammonia catalyst. The most insoluble silane precursor was TEOS which remained 
unchanged as oil droplets for many days. The differences in hydrolytic solubility of 
these silane precursors in water can be explained by examining their chemical 
structures, as shown in Figure 2.3.  Due to the shorter carbon chains attached to the 
oxygen atom, the methoxy groups -OCH3 found in TMOS and MPTMS are easily lost 
during hydrolysis to form methanol CH3OH (Lee et al., 2008). On the other hand, the 
ethoxy groups -OC2H5 found on TEOS are more difficult to hydrolyse into -OH 
hydroxyl groups because of the longer hydrocarbon chain and greater hydrophobicity. 
TMOS has more methoxy groups -OCH3 compared to MPTMS (four versus three) 
and, hence TMOS is able to hydrolyse into silicic acid Si(OH)4 more quickly and 
dissolve more easily into water. No silica particles were formed after adding ammonia 
due to TMOS’s high solubility in water. On the other hand, the large MPTMS oil 
droplets became partially dissolved, turning into smaller oil droplets after 3 hours and 
completely dissolving after 24 hrs. Adding ammonia caused precipitation of 
polydispersed ~2 μm diameter-sized silica particles, which is in agreement with 
Johnston et al. (2005). Based on these results, our focus was directed to reducing the 
MPTMS concentration in order to tune the particle-size down to nanoscale 
dimensions, as shown in Table 2.1C. 
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As our third and last case, we lowered the molar concentrations of all three silane 
precursors in aqueous solutions to 10 mM to decrease the size of our silica colloids in 
Table 2.1C. For TEOS, the oil droplets remained undissolved even after 24 hours of 
continuous shaking. The slow hydrolysis and the inability to dissolve in water without 
ethanol make TEOS unsuitable for aqueous synthesis of silica nanoparticles, despite 
in low concentrations. On the other hand, both TMOS and MPTMS fully dissolved in 
water within 15 minutes and 3 hours, respectively. With TMOS, there was no silica 
formation even after adding ammonia catalyst, and the mixture remained as a 
transparent aqueous solution for days. However, hydrolysed MPTMS was the only 
precursor which precipitated silica nanoparticles. Different from TEOS and TMOS, 
MPTMS has a hydrophobic mercaptopropyl hydrocarbon chain which renders it with 
a lower solubility. After the full hydrolysis of MPTMS, ammonia was added as a 
cross-linking catalyst to promote the precipitation process, and shortening the 
formation of solid silica particles to 3 hours. Without the ammonia catalyst, the 
MPTMS solution remained transparent for days. In conclusion, we compared the 
water-based synthesis of silica using three different silane precursors, namely TEOS, 
TMOS, and MPTMS, and show that MPTMS is promising in the aqueous sol-gel 
synthesis of silica network (mercapto-silica). The presence of the hydrophobic 
mercaptopropyl hydrocarbon chain [-(CH2)3SH] in the chemical structure of MPTMS, 
which is absent in both TEOS and TMOS precursors, plays an important role in the 
formation of silica nanoparticles in aqueous solution, as evidenced in our 
experiments. The hydrolysis, solubility, and precipitation of these precursors were 
explained by comparing their molecular structures; the number of hydrophobic alkoxy 
groups and presence of organic mercapto-groups.  
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2.5 Silica growth mechanism 
 
Few studies have been carried out on the silica growth by MPTMS; however, its 
growth mechanism remains unclear (Lu et al., 2011). Chris and co-workers used 
liquid and solid NMR techniques to study the hydrolysis and condensation process of 
MPTMS, while Nakamura observed the hydrolysis process by visual inspection 
(Chris et al., 2005; Nakamura et al., 2005). They proposed that the formation 
mechanism of silica nanoparticles is analogous to the oil-in-water emulsion 
polymerization mechanism similar to organic polymers (Ravve et al., 2000). The 
mechanism involves self-hydrolysis of MPTMS and condensation of 
mercaptopropylsilicate (OH)3SiC3H6SH. Unlike previous studies, we shall use UV 
spectroscopy to monitor the hydrolysis process of MPTMS in real time and then 
monitor the condensation process using NMR spectroscopy in order to understand the 
silica growth kinetics and propose a silica formation mechanism.  
 
Figure 2.4 shows the chemical structures related to the hydrolysis and condensation of 
MPTMS. The unique self-hydrolysis phenomenon of MPTMS is related to its 
molecular structure. A MPTMS molecule has three short carbon chains suitable for 
undergoing self-hydrolysis, changing from -OCH3 alkoxygroups (structure A) to -OH 
hydroxy groups (Structure B), while releasing methanol CH3OH. Due to condensation 
reactions, short polymer oligomers chains (Structure C) are formed from the 
polymerization of the monomer (Structure B). The addition of a condensation 
catalyst, ammonia, results in polycondensation and crosslinked long polymer chains. 
The structures of higher order crosslinked organosiloxanes are shown as structures D 
and E in Figure 2.4 (Johnston et al., 2006).  




Figure 2.4. Molecular structures of (A) neat MPTMS monomer, and (B-E) self-
hydrolysed MPTMS with four different Si silane centers, indicated in yellow. There 
are four possible silane centers that may be observed in 29Si NMR spectra, namely T0, 
T1, T2 and T3. The peaks are named T0, T1, T2 or T3 to denote that there are three 
potential (Si-OH) silanol groups on the silane that could condense with another silane 
to form a siloxane bond (Si-O-Si) and the subscript number indicates the number of 
times the silane Si center has condensed. The Tn notation denotes the connectivity of 
silicon atoms with each other. Brackets () indicate repeating units.  
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UV-vis spectroscopy. The hydrolysis of MPTMS precursor in water can be 
monitored by the optical absorbance of the solution (as shown by the uv-vis 
spectroscopy results in Figure 2.5), as the oil-in-water emulsion droplets are able to 
scatter visible light strongly, making the solution appear turbid. As MPTMS is 
solubilized, the overall absorbance decreases accordingly as the size of the oil 
droplets becomes smaller, until the droplets completely disappear and the solution 
becomes transparent. Figure 2.5A shows the UV-vis transmission spectra, while 
Figure 2.5B show the time-evolved absorbance intensity measured at a wavelength of 
300 nm, during MPTMS hydrolysis over 24 hours,. Different from previous method 
of confirming hydrolysis by visual inspection by Nakamura et al. (2008), here we 
carried out a continuous and quantitative monitoring of the MPTMS hydrolysis 
process using UV-vis spectroscopy, in combination with NMR spectroscopy.  
 
The absorbance intensity of pure MPTMS in water decreases by over 90% very 
quickly within the first 2 hours, due to the self-hydrolyzing property of MPTMS 
(Figure 2.5B). The hydrolysis of MPTMS was completed within 9 hours as evidenced 
by the absence of light scattering by MPTMS oil droplets in the time-evolved peak 
UV intensity plot. It was suggested that the mercapto-propylsilicate species 
(OH)3SiC3H6SH act as amphiphilic surfactants, emulsifying the remaining precursor 
droplets, producing an oil-in-water emulsion (Lu et al., 2011). The hydrolysed 
MPTMS solution was shaken for a few days and the solution turned turbid again. This 
is due to the slow polymerization of hydrolysed MPTMS into oligomers. Adding 
ammonia catalyst to hydrolysed MPTMS greatly speeds up the crosslinking process, 
resulting in the solution turning white, with strong light scattering of the UV spectrum 
by silica particles within a 3 hours. Using the results from our UV spectroscopy, we 
next examine the hydrolysis and condensation of MPTMS using liquid and solid 
NMR techniques to understand the silica formation mechanism. 




Figure 2.5. UV-vis spectroscopy of hydrolysis of MPTMS in water over 24 hrs. (A) 
shows the UV-vis absorbance spectra, and (B) shows the time-evolved absorbance 
intensity measured at 300 nm wavelength.  
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NMR spectroscopy. Experimentally, non-hydrolysed MPTMS (10 μL) was added 
into 990 μL of acetone-D, while 500 uL hydrolysed MPTMS (10 μL neat MPTMS 
dissolved in 5 mL water with shaking) was added to 500 μL of acetone-D. Samples 
were referenced to 1% TMS (0 ppm). Hydrolysed MPTMS was prepared by shaking 
for 2 hours and 9 hours, in accordance to our earlier UV spectroscopy results.  
 
According to Figure 2.4A, the neat MPTMS monomer has three reactive sites for 
condensation and there are four possible silane centers, namely T0, T1, T2 and T3, 
(Figure 2.4B-E) which can be observed using liquid and solid 29Si NMR 
spectroscopy. The Tn notation denotes the connectivity of silicon atoms with each 
other via a siloxane bond (Si-O-Si), and the progression from T2 to T3 indicates an 
increase in polymerisation between silica chains (Johnston et al., 2006).  
 
Figure 2.6A shows the 29Si liquid NMR spectroscopy results for neat MPTMS (non-
hydrolysed), which shows a single resonance peak at -42.5 ppm. Figure 2.6B shows a 
new downshifted peak at T0 (-40.26 ppm peak), attributable to a strong presence of 
hydrolysed MPTMS, which is in good agreement with our UV-vis spectroscopy 
results which show that more than 90% of MPTMS was hydrolysed in 2 hours. After 
9 hours of hydrolysis, NMR results show a mixture of hydrolysed MPTMS monomers 
and dimers as evidenced by the presence of T0 and T1 (at -49.43 ppm) peaks, which 
conforms to our UV absorbance results, indicating a complete hydrolysis of MPTMS. 
Adding ammonia results in the polymerisation of MPTMS leading to the formation of 
solid silica particles. Solid NMR measurements show the presence of polymerized 
MPTMS long chain oligomer species T2 (-58.95 ppm), and T3 (-67.95 ppm), which 
confirms the high level of cross-linking, as indicated by a dominant T3 peak, while the 
broadness of the peaks T2 and T3 indicates a large mixture of the long chain oligomers 
of different lengths. 





Figure 2.6. Liquid 29Si NMR spectra of (A) neat MPTMS in acetone-d and MPTMS 
solution after undergoing hydrolysis for (B) 2 hours, and (C) 9 hours. (D) shows the 
solid 29Si NMR spectrum for MPTMS silica particles. Tn represents the n possible 
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2.6 Time-dependent silica-growth 
 
In order to elucidate the formation mechanism of mercapto-silica nanoparticles, the 
time-dependent nucleation and growth of the nanoparticles was investigated using 
SEM. Figure 2.7 shows the change in particle diameter with respect to silica growth 
time. During the first hour, the quick burst of silica nucleation leads to a fast depletion 
of silicate concentration, which subsequently resulted in a much decelerated silica 
growth rate - about four times slower than before. The growth rate can be estimated 
from the gradient of the slope, which was 66 nm/hour in the first hour, and 
subsequently decreased to 15 nm/hour for the rest of the growth cycle. The high initial 
growth rate can be attributed to the initial high concentration of aqueous mercapto-
silica, which induced faster polymerisation and nucleation immediately after adding 
the ammonia catalyst during the early stages of silica growth. The silica formation 
process involves an initial stage of homogenous nucleation of small silica nuclei, 
followed by a fast growth in particle size, and subsequently, a slower steady state 
growth of silica particles, as confirmed by our SEM images in Figure 2.8. This is 
similar to a mechanism proposed by LaMer et al. (1950) on the formation of 
monodispersed sulphur colloids. The silica growth rate using MPTMS is clearly not 
limited by its hydrolysis rate because the MPTMS was hydrolysed fully (Figure 2.5) 
before undergoing silica synthesis. It is likely to be limited by the starting precursor 
concentration or condensation reaction process. This is different from the Stöber 
process, in which silica growth rate is reported to be limited by the rate of hydrolysis 
of TEOS (Bogush et al., 1990). Without any shaking, the silica particles were highly 
polydispersed, similar to results obtained using static incubation technique (Nakamura 
et al., 2010). But the particles became monodispersed with continuous shaking 
(Figure 2.2), due to the high mechanical shear effect; this helps to maintain the 
particle-size uniformity, in agreement with other works (Yokoi et al., 2009).   





Figure 2.7. Time-evolved growth of silica nanoparticles synthesized using MPTMS 
as a silane precursor in aqueous solution. The diameter of particle increased at a rate 
































Figure 2.8. SEM images showing the time-evolved growth of silica nanoparticles 
synthesized over different periods, at (A) 0.5, (B) 1, (C) 2, (D) 3, (E) 4, (F) 5, (G) 6, 
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2.7 Nanostructure characterization 
 
 
In this section, we performed the structural, morphological and compositional 
characterization of our monodispersed silica nanoparticles using XRD, TEM, SEM, 
EDX, Ellman’s reagent and zeta potential measurements.  
 
 
XRD and TEM spectroscopy. Figure 2.9 shows the X-ray diffractograms of silica 
nanoparticles using different silane precursors, namely (a) TEOS - red curve, (b) 
TMOS - green curve, and (c) MPTMS - blue curve. All silica particles synthesized 
using TEOS, TMOS and MPTMS were found to be structurally amorphous as evident 
from the presence of three broad humps in the XRD pattern. This finding is further 
supported by the high resolution TEM of the amorphous silica shell in Figure 2.10.  
 
SEM and EDX spectroscopy. Figure 2.11 shows the major chemical elements in the 
nanoparticles investigated by energy dispersive X-ray (EDX) microanalysis. The 
electron beam for EDX analysis was focused on the particles at a low 500× 
magnification at 15 kV voltage. Our EDX results confirmed the existence of oxygen 
O, silicon Si and sulphur S elements at 0.53, 1.74 and 2.3 keV as key constituents of 
coreless silica nanoparticles, consistent with other reports (Lee et al., 2007; Niu et al., 
2010) . The high elemental sulphur content indicates that abundant SH groups were 
incorporated into the silica network during polycondensation. We shall further 
confirm this using Ellman’s Reagent in the next section. The carbon peak at 0.28 keV 
is caused by the carbon tape on the SEM mount. The inset shows an SEM image of 
highly monodispersed, spherical silica particles of size 500 nm with smooth surfaces.  






Figure 2.9. XRD spectra of silica nanoparticles synthesized using different silane 
precursors, namely (A) TEOS in red, (B) TMOS in green and (C) MPTMS in blue 
colour. The results indicate the amorphocity of MPTMS-based silica nanoparticles, 
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Figure 2.10. (A) TEM image of silica nanoparticles synthesized using MPTMS 
precursor, and (B) high resolution TEM image confirming the amorphocity of the 













Figure 2.11. Energy-dispersive X-ray spectrum of silica particles synthesized using 
MPTMS, confirming the presence of high density of sulphur S groups within the 
silica particles. The C peak is due to the carbon tape on the sample mount. Inset: SEM 
images of the same particles. 
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Quantitation of free sulfhydryl using Ellman’s reagent. It is important to know the 
concentration of the accessible thiol groups when using them to functionalize the 
nanoparticle, or in assessing the specific activity of thiol sites in chemical adsorption 
and catalytic processes. It is reported that free -SH groups on silica nanoparticles can 
be useful for covalent attachment of fluorescent dyes with thiol-reactive functional 
groups such as alkenes (Niu et al., 2010), isothiocyanates (Johnston et al., 2005), 
succinimidyl esters (Miller et al., 2005), and maleimides (Miller et al., 2005; 
Nakamura et al., 2011). Moreover the deprotonation of -SH to -S− thiol groups 
imparts greater colloidal stability to the silica particles through their stronger 
electrostatic repulsion, as shown by our zeta potential measurements in the following 
section. Here, we will estimate the average number of free -SH groups per silica 
nanoparticle using Ellman’s reagent (Ellman et al., 1959). 
 
Ellman’s reagent, or chemically known as 5,5'-dithio-bis-(2-nitrobenzoic acid) 
(DTNB), is very useful as a water-soluble sulfhydryl assay reagent for quantifying 
free sulfhydryl groups in solution because of its specificity for -SH groups at neutral 
pH, high molar extinction coefficient and short reaction time. The target of DTNB is 
the conjugate base (R-S−) of a free sulfhydryl group. DTNB reacts with a free 
sulfhydryl group to yield a mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB). 
TNB is the yellow colored compound produced in this reaction and has a high molar 
extinction coefficient in the visible range. The molar extinction coefficient of TNB 
used is 14,150 M-1cm-1 at 412 nm and pH 8.0 (Riddles et al., 1979). 
 




Figure 2.12.  UV absorbance spectra of Ellman’s reagent solution with MPTMS silica 
colloidal nanoparticles (red) and Ellman’s reagent with normal Stober silica colloidal 
nanoparticles (black). The high peak intensity measured at 412 nm wavelength 
indicates a high density of freely accessible thiol groups available on the MPTMS-
based silica particles, compared to pure silica particles.  
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Experimentally, the silica nanoparticles were washed by centrifugation for three times 
and then redispersed with PBS buffer. Silica nanoparticles 300 nm in diameter (300 
μL stock in PBS buffer) was then added to 700 L of Ellman’s reagent (0.1 mM, final 
1 mL) to react for 15 minutes at room temperature. The absorbance of the TNB 
product, which indicates the amount of free accessible thiol groups available, was 
then measured at a wavelength of 412 nm by a UV–visible spectrophotometer (Choi 
et al., 2010; Dorota et al., 2010).  
 
The absorbance intensity value of the TNB product was found to be 0.425 as shown in 
Figure 2.12. Using the molar extinction value of 14,150 M-1cm-1 and an optical path 
length of 1 cm, this resulted in 4.48 × 105 free SH thiol groups per silica particle (i.e. 
1.8 × 1016 free SH groups found in 4.03 × 1010 silica particles, assuming silica density 
to be 2 g/cm3). The surface coverage of thiol (SH) groups was found to be 60%, 
assuming all the accessible thiols are on the surface and the area occupied per 
MPTMS molecule is 0.4 nm2 (Liz Marzán et al., 1996). Previously, it was also 
suggested that intrinsic SH groups may be found not only on the external silica 
surface but also inside the interior shell matrix (Miller et al., 2005). Therefore, in 
addition to the surface density of accessible thiol groups, we calculated the volume 
density of free thiols and found that the volume density of freely accessible thiol 
groups, which worked out to be 317 thiol groups per 100 nm3 of silica. This is in close 
agreement with the 219 thiol groups per 100 nm3 obtained by Cui and co-workers, 
who synthesized silica nanoparticles using a different mercapto-silane precursor 
MPTES (Cui et al., 2011).  
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Surface charge analysis. The zeta potential of a particle indicates the overall charge 
that the particle acquires in a particular medium. The resulting repulsive force can be 
used to predict the colloidal stability of the silica nanoparticles, as particles in 
suspension possessing a large negative zeta potential can repel each other strongly.  
 
Here, we carried out zeta potential analyses of silica nanoparticles synthesized using 
MPTMS and TEOS silane precursors to characterize the surface charge. Briefly, the 
zeta potential was measured on a Malvern Instruments Nano ZS Zetasizer. Zeta 
potential measurements were recorded with 30 runs per pH value. Particle 
concentrations used was 0.3 mg/mL and pH was adjusted using 0.1 M HCl and NaOH. 
Titration with HCl and NaOH provides a zeta potential profile which is indicative of 
the particle surface charge over a broad pH range. On the basis of the principles of 
electrophoretic light scattering, we performed quantitative measures of the surface 
charge on colloidal particles in liquid suspension. 
 
The zeta potential profiles of MPTMS and TEOS silica nanoparticles are shown in 
Figure 2.13. Zeta potential measurements were used to determine the surface charge 
for both species of silica particles. The zeta potentials of MPTMS-based particles 
were clearly more negative than those of TEOS particles due to the presence of 
mercapto groups with low pKa, which deprotonates easily to form negatively charged 
-S− groups, in addition to the normal surface silanol groups. This highly negative zeta 
potential (-65 mV) at neutral pH 7 for MPTMS-based silica particles provides a 
stronger electrostatic stability against particle aggregation and is ideal for adsorption 
studies of positively charged chemicals such as cationic dyes, as opposed to less 
negative TEOS-based silica particles.  






Figure 2.13. Zeta potential measurements of Stöber particles (black) and       
MPTMS-based silica particles (red), indicating a much stronger surface 
electronegative charge found on MPTMS-based particles. Both concentrations used 
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2.8 Chapter summary 
 
We conclude this chapter by summarizing our new findings for the study of aqueous 
synthesis of silica nanoparticles using MPTMS as a water-soluble silane precursor, in 
the light of previous works by Miller et al. (2005), Nakamura et al. (2008), and Niu et 
al. (2010). We compared the experimental results of silica synthesis using different 
silane precursors, namely TEOS, TMOS and MPTMS, and demonstrated that 
MPTMS is the only feasible precursor for use in the aqueous synthesis of silica 
nanoparticles. This can be explained by their differences in solubility in water owing 
to their different chemical structures. TEOS have a low solubility in water due to its 
poor hydrolyzability; TMOS and MPTMS are readily soluble in water due to high 
hydrolyzability, but solubilized TMOS silicate have a problem of precipitating into 
solid silica particles due to the lack of a hydrophobic mercaptopropyl hydrocarbon 
chain, which is found in MPTMS. By taking real-time UV spectroscopic 
measurements of MPTMS in water, we monitored the self-hydrolysis process of 
MPTMS and found that more than 90% of MPTMS was hydrolyzed within a short ~2 
hours, while complete hydrolysis was reached within 9 hours. The hydrolysis and 
condensation was further confirmed by NMR spectroscopy. By taking SEM images of 
the silica particles at various stages of time-dependent growth, we found that the 
growth process first began with an initial homogenous nucleation of small silica 
particles when ammonia catalyst was added, followed by a very fast growth in particle 
size during the first hour, due to the presence of a high concentration of hydrolyzed 
MPTMS. Subsequently, a much slower and steadier growth of monodispersed silica 
particles took place over the next 10 hours, owing to the gradual depletion of MPTMS 
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in concentration. Silica synthesis under constant shear helps to maintain a uniform 
size distribution and speed up the growth. The amorphocity of silica is confirmed by 
TEM and XRD measurements and the volume density of freely accessible sulfhydryl 
groups was quantitated as 317 per 100 nm3 of silica using Ellman’s reagent and EDS. 
The presence of abundant intrinsic thiol groups induces a strong negative surface 
charge, thus imparting the particles with strong colloidal stability, as evidenced by our 
zeta potential measurements. The free thiol groups can be used for surface 
functionalization with thiol-reactive maleimide groups as shown in our next chapter. 
 
The highlight of our contribution to the research work on monodispersed silica 
particle synthesis is that we have also developed an improved water-based “green” 
synthesis route using MPTMS as a sole precursor for preparing highly monodispersed 
sub-micron-sized silica particles at room temperature under continuous shaking, not 
found in previous studies (Johnston et al., 2005; Lee et al., 2007; Nakamura et al., 
2010; Lu et al., 2011). The silica growth mechanism was elucidated by comparing 
between different silane precursors with similar chemical structures, monitoring the 
self-hydrolysis and condensation of MPTMS precursor, and the silica growth kinetics. 
The morphology, chemical composition and surface charge of the silica particles were 
also systematically characterized.  
 
In the following chapters, we will demonstrate the use of our aqueous synthesis 
technique for silica nanostructures in unique applications such as (a) fabrication of 
fluorescent dye-doped silica nanoparticles for FRET applications in Chapter 3,           
(b) nanoparticle-patterning for chemical sensing and photonic crystal applications in 
Chapter 3 and, (c) silica-encapsulation of metal nanoparticles in Chapter 4 
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Application One:  
Patterning of silica nanostructures 







The formation of two-dimensional crystals on flat substrates by the self-assembly of 
submicrometer size particles, significantly impact several fields of research including 
photonics (Wong et al., 2003; Im et al., 2002), biochemical sensors (Sharman et al., 
2004), catalysis (Tessier et al., 2000), lithography (Haynes et al., 2001), and 
biochemically active surfaces (Weissman et al., 1996; Zhang et al., 2005). Techniques 
have been developed to facilitate nanoparticles self-assembly and patterning including 
spin-coating (Jiang et al., 2005), epitaxy (Lee et al., 2004), optical tweezers 
(Biancaniello et al., 2006), electrophoretic assembly (Hayward et al., 2000) and 
convective deposition (Shimmin, et al., 2006; Kumnorkaew et. al., 2009). However, 
except for spin-coating, most of the processes are suitable for laboratory-scale 
research and not for large-scale production (Jiang et al., 2005). Hence, there is need to 
develop an approach for low-cost large-scale fabrication of micropatterned surfaces 
based on self-assembled nanoparticles (Zhang et al., 2009). So far, the templated-
assisted self-assembly of monodisperse silica particles into opal microstructures 
remains the favorite route for fabricating photonic materials because of its simplicity, 
flexibility, and low cost (Ye et al., 2006). In this section, we combine well-established 
photolithography and spin-coating techniques to fabricate large (centimeter-scale) 
ordered arrays of high-quality 2D microstructures made up of self-assembled silica 
nanoparticle crystals, and demonstrate their applications in chemical sensing and 
optical photonics. 
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Positive photoresist AZ5214 and its developer AZ-300 MIF developer were obtained 
from Microchemicals. Ethylenediamine, fluorescamine, sulfo-succinimidyl-4-(N-
maleimidomethyl)-cyclohexane-1-carboxylate (SMCC) and 3-aminopropyl-
triethoxysilane APTES were obtained from Sigma-Aldrich. 
  
3.2.2 Method  
 
Preparation of glass slide: Firstly, clean glass slides were cut into size of 1 cm × 1.5 
cm in area, rinsed copiously with ethanol and baked in oven for 2 mins at 80 °C to 
remove surface moisture. Then, a commercial positive photoresist AZ5214 is spin-
coated at 5000 rpm for 30 secs onto the glass slide and softbaked for 2 minutes to 
remove any remaining solvent. Using a commercial photolithographic mask aligner 
(Karl Suss MA8) and a commercially purchased chromium mask (patterned with 
triangular, hexagonal and circular micron-sized opening hole-array), the photoresist is 
exposed under 365 nm wavelength UV light at 900 W power for 10 seconds under 
hard-contact mode. Then, photoresist is developed by dip soaking the glass slide into 
developing solution (AZ Developer) for 10 seconds. Subsequently, the glass slide is 
hard baked for 5 minutes and the photoresist patterns are checked under a normal 
microscope.  
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Functionalization of glass substrate: Then, the glass slide is put under oxygen 
plasma (Trion) for 60 seconds using oxygen flow rate at 12 sccm (standard cubic 
centimeters per minute) and reactive power at 30 W. Then, APTES solution (1% 
volume) is spin-coated at 5000 rpm onto glass slide and baked for 2 minutes at 80 °C.  
 
Silica nanoparticle patterning. Thiol-functionalized silica nanoparticles (prepared 
using technique described in Chapter 1) of 450 nm diameter (20 uL drawn from a 
stock solution of 3.8 mg/mL) are drop-coated onto the photoresist patterns and spun 
for 20 minutes at slow speed of 100 rpm. Separately, cross-linker SMCC is prepared 
by dissolving 30 μg in 250 uL of PBS solution (Hylarides et al., 2001). After the silica 
particles are spun into the photoresist patterns, the SMCC solution (50 uL) is drop-
coated onto the micropatterned silica particles and left for 15 minutes. Subsequently, 
the photoresist and unreacted SMCC are washed away three times copiously with 
acetone and light sonication.  
 
Chemical sensing of amino groups. Freshly prepared micropatterned silica 
nanoparticles functionalized with SMCC on glass slide is drop-coated with 30 uL of 
ethylene diamine (4% v/v) prepared in isopropanol and left for 15 minutes. 
Subsequently, the glass slide is rinsed three times with ethanol (Lin et al., 2010). Then, 
fluorescamine (0.3 mg/mL) prepared in acetone, was drop-coated for followed by 
three times rinsing in water (Lin et al., 2010) before fluorescence imaging. 
 
Fluorescence microscopy. Fluorescence images are taken using Nikon TE-2000 
equipped with xenon lamp excitation. 
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3.3 Nanoparticle patterning 
 
In this section, we briefly describe our nanoparticle micropatterning technique as 
depicted in Figure 3.1. Firstly, 1 cm × 1.5 cm sized glass slides are patterned with 
positive photoresist PR template using standard photolithographic procedure to create 
ordered array of micro-wells which are circular, triangular or hexagonal in shape and 
20-50 μm in width. Then, the glass surfaces at the bottom of the micro-wells are 
functionalized with amino groups using amino-silane APTES. Subsequently, silica 
particles in water solution are spin-coated at low-speed (100 rpm for 20 minutes) into 
the micro-wells, forming large ordered arrays of circular, triangular or hexagonal 
microstructures of self-assembled 2D close-packed nanoparticle crystals, with the aid 
of the centrifugal force of spin-coating. Then, a heterobifunctional cross-linker, 
SMCC, is added to covalently attach the silica particles onto the glass surface. The 
covalent attachment is achieved by reacting the thiol groups on the silica particles 
with the maleimide groups of the SMCC to form thioether bond (Clave 2011), while 
the amine groups on the glass surface react with the NHS succinimidyl ester of the 
SMCC to form an amide bond (Figure 3.2A). At the same time, SMCC also 
functionalizes the silica particle surface with amine-reactive NHS ester groups, which 
is useful for capturing chemical or biomolecules carrying free amine-groups for 
sensing purposes (as shown in the next section). Lastly, the photoresist template and 
unreacted SMCC are removed by rinsing with acetone and water for 3 times, leaving 
behind micropatterns of self-assembled 2D silica particles which covalently attached 
to the glass surface via SMCC as depicted in Figure 3.2. The chemical structure of 
SMCC is shown in Figure 3.2B. SEM images of ordered array of micropatterned 
silica particles using this technique is shown in Figure 3.3, 3.4 and 3.5.  




Figure 3.1. Schematic outline of nanoparticle patterning, showing (A) a 1.5 x 2 cm 
glass slide is used as substrate, (B) patterned positive photoresist on glass using 
photolithography, (C) a monolayer of APTES is coated onto the glass, followed by 
spin-coating silica nanoparticles of 500 nm diameter onto the pattern, and (D) 
patterned nanoparticles on glass, achieved by using SMCC as a cross-linker to 
covalently bind the thiol-functionalized particles onto amine-functionalized glass and 
removing the photoresist with acetone.    
   
(Step 3) 
 
Add SMCC and then, wash 
away photoresist using acetone 
(Step 1) 
 
Pattern photoresist onto glass 
(Step 2) 
 
Spin-coat a layer of APTES and 
then, spin-coat silica 












Figure 3.2. (A) Schematic showing the covalent binding of silica nanoparticles onto 
the glass substrate and, functionalization of the silica particle’s surface with amine 
reactive NHS ester groups in one-step by adding a heterobifunctional cross-linking 
agent SMCC. SMCC reacts with thiol groups on the silica nanoparticles and amine 
groups on the glass, to covalently attach the spheres onto glass substrate. The sphere 
surface covered with amine-reactive NHS ester groups, capable of immobilizing 
target analytes with free amino groups. Molecular structure of (B)(i) SMCC with 
maleimide and NHS ester groups. (ii) SMCC’s maleimide group is reacted with thiol 
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3.4 Chemical Sensing 
 
In this section, we demonstrate a pilot application of our micropatterned silica 
particles for immobilization and fluorescence detection of a target chemical, 
ethylenediamine. The silica particles were first functionalized with an amine-reactive 
NHS succinimidyl ester moiety by reacting heterobifunctional cross-linker SMCC 
(Figure 3.2) with the silica surface’s thiol groups via thiol-maleimide reaction (Clave 
et al., 2011). Then, a target analyte, ethylenediamine (NH2-CH2-CH2-NH2) (30 uL, 
4% v/v) was drop-coated and reacted with the NHS esters (Gruber et al., 2000), 
immobilizing the target analyte onto the surface of the silica nanoparticles. The 
presence of ethylenediamine was then detected using fluorescamine assay (Brown et 
al., 2005). The strong fluorescence signals of the silica nanoparticle micropatterned 
surfaces after adding fluorescamine is shown in Figure 3.3D, 3.4D and 3.5D. The 
fluorescence intensity from the silica nanoparticles is much higher than those from the 
surrounding flat glass surfaces. This is because of (1) fluorescamine is an highly 
specific dye that is fluorescent only when conjugated to primary amines, while any 
unreacted fluorescamine is quickly hydrolyzed into non-fluorescent compound, 
reducing the occurrence of false positives (Brown et al., 2005) and, (2) the curve 
surfaces of the self-assembled particles increases the available surface area for 
immobilization (hence the fluorescent signal) and improved the sensing capability as 
opposed to normal planar surface (Yap et al., 2005). The extent of increase in the 
surface area available for immobilization and detection can be calculated by 
comparing the area of planar surface with the curved surface area of nanoparticles, 
where “r” represents the particle radius, as follows: 
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Area of hexagonal planar area occupied by sphere = 6 × r2 /  3 = 3.464 × r2 
Area of sphere’s curved surface = 4 ×  × r2 = 12.568 × r2 
Increase in sensing area = area of (curved surface/planar circle) = 3.63 times 
 
The curve surface area created by nanoparticles hexagonally close-packed on a planar 
surface is up to 3.63 times higher than a planar surface. The high SNR ratio is 
evidenced by comparing the fluorescent micro-sized nanoparticle-patterns with the 
low background noise signals coming from the surrounding non-patterned areas of the 
glass surface (Figure 3.3D, 3.4D and 3.5D). The increase in surface area increases the 
density of target molecules that can be immobilized and, hence, improves the 
sensitivity for biochemical detection. Hence, this method is useful as an 
immobilization strategy in biochemical sensing devices to increase the signal intensity 
for detection of chemicals or proteins with amino groups (Chun et al., 2006).  
 
In conclusion, we demonstrated a new method for nanoparticle-patterning using silica 
spheres via a “photolithography and spin-coating” combined technique. The 
nanoparticles form a well-defined closed-packed self-assembly micropatterns on the 
glass substrate covering a large centimeter-scale area. The micropatterned 
nanoparticles are functionalized with abundant amine-reactive surface groups using 
SMCC, which is used to immobilize target analyte with amine groups, as evidenced 
by our fluorescence assay using ethylene diamine and fluorescamine. The curved 
surface area of the silica nanoparticles is calculated to increase the planar surface area 
by up to 3.63 times; hence providing a larger detection area for a high signal-to-noise 
(SNR) detection or conjugation of amine-carrying chemicals (or biochemical) for 
sensing application.  






Figure 3.3. SEM images of 450-nm-sized silica particles patterned into 25 μm width 
triangular micropatterns, showing (A) 3 x 4 patterned array, (B) one single close-
packed triangular nanoparticle assembly, and (C) close-up of micropattern edge. (D) 
shows the fluorescence detection of surface-immobilized amine groups on 









Figure 3.4. SEM images of 450-nm-sized silica particles patterned into 50 μm width 
circular micropatterns, showing (A) 5 x 5 patterned array, (B) one single close-packed 
triangular nanoparticle assembly, and (C) close-up of micropattern edge. (D) shows 
the fluorescence image of surface-immobilized amine groups on micropatterned 









Figure 3.5. SEM images of 450-nm-sized silica particles patterned into 100 μm width 
hexagonal micropatterns, showing (A) one single hexagonal micropattern, (B) closed-
packed nanoparticle assembly, and (C) close-up of micropattern edge. (D) shows the 
fluorescence detection of surface-immobilized amine groups on micropatterned 
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3.5  Photonic crystals 
 
In this section, we demonstrate the application of our simple technique of spin-coating 
silica particles into photoresist templates to prepare high-quality large-scale photonic 
crystals, which are capable of displaying vibrant and beautiful colors of the rainbow 
that change with viewing angle as shown in Figure 3.6. The optical diffraction from 
our opal structures results in highly iridescent color variations due to the crystalline 
planes formed by the silica spheres, and its optical properties are strongly dependant 
on the diameter, spacing and regularity of the spheres, which affects the quality of the 
observed color (Wang et al., 2003). The well-defined and highly intense color 
observed is evident of the high quality of the ordered arrays of fabricated silica crystal 
structures and the high degree of uniformity in particle arrangement found in each 
individual microstructure pattern (Figure 3.6). Poorly crystallized disordered silica 
particles appear as diffused white light as shown by the red arrow indicated in Figure 
3.6. As the size of these silica spheres is 450 nm, the wavelength of the diffracted 
light is also on the order of hundreds of nanometers, which falls within the visible 
light spectrum, spanning from 380 to 750 nanometers. This strong interference of 
light passing through a uniform repetition of low (air) and high refractive (silica) 
index areas results in a spectacular display of vivid colours observed in our photonic 
crystals. In conclusion, our nanoparticle-patterning technique is able to produce 
highly-ordered silica particles which are self-assembled in a close-packed 
arrangement forming large (centimeter-scale) arrays of individual photonic crystal 
structures, each having micron-sized dimensions (as evident in our SEM images of 
Figure 3.3, 3.4 and 3.5). 




Figure 3.6. Photograph of vibrant and intense rainbow colours due to diffraction of 
white light at different tilting angles caused by large arrays of high quality photonic 
crystals, formed by close-packed self-assembly of silica nanoparticles micropatterned 
onto 1.0 × 1.5 cm glass substrate. Red arrow indicates area where silica particles are 
poorly crystallized, resulting in diffused white light. 
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In this first section, we have developed a new nanoparticle-patterning technique for 
fabricating large (centimeter-scale) ordered arrays of high-quality 2D crystalline 
microstructures made up of self-assembled silica nanoparticles, by combining 
photolithography and spin-coating. Unlike existing template-assisted techniques, our 
technique is different in that (1) the silica particles we used are intrinsically thiol-
functionalized, (2) the silica particle crystals are covalently binded to the glass 
substrate using a heterobifunctional cross-linker SMCC, and (3) our photoresist 
template can be completely removed without affecting the silica crystals. The non-
planar surface of self-assembled particles increases the surface area available for 
attachment of chemical molecules by about 3.6 times, resulting in high molecular 
density and high fluorescence signal intensities, compared to the surrounding flat 
surface. Well-defined and highly intense rainbow colors were observed and this 
provides evidence of the large numbers (centimeter-scale) of arrays of photonic 
crystalline microstructures fabricated. Hence, making use of our monodispersed thiol-
functionalized silica particles developed earlier in Chapter 2, we demonstrated their 
potential in useful applications for chemical sensing and optical photonics. 






Application Two:  









The design and fabrication of efficient silica host materials to achieve nanoscale 
control and high loading efficiencies of dye molecules can improve energy transfer 
efficiency and the enhancement of FRET emission, which holds great potential for 
applications such as fluorescence imaging and energy harvesting in solar cells (Li et 
al., 2010). A seminal work by Van Blaaderen et al. (1992) reported the covalent 
incorporation of chemically-reactive dyes into Stöber colloidal silica by coupling of 
the dyes to a silane coupling agent 3-aminopropyltriethoxysilane. Subsequently, 
Wang et al. (2006) modified the technique to load multiple dyes into silica 
nanostructures for demonstration of multi-colored FRET emission. Although the use 
of covalently attached dyes can minimize dye leakage from their host media, it often 
leads to expensive products, which are useful for research studies but are impractical 
for scaleup production (Braga et al., 2003). Chemically reactive dyes are generally 
more costly, compared to their non-reactive dyes and unbound dyes are often wasted 
because a large portion of dyes ~90% are not incorporated into their host particles 
during synthesis (Imhof et al., 1999, Wang et al., 2006). Covalent-bonding also leads 
to a fall in quantum yield and reduced fluorescent brightness of the dye-doped 
material (Cho et al., 2011).  
 
On the other hand, physical adsorption offers a cheaper alternative to dye 
incorporation into host media. The physical encapsulation of ruthenium diimine 
complexes [Ru(phen)3Cl2] by the Stöber method was developed by Rossi et al. 
(2005). Leakage of dye molecules was also negligible, which was attributed to the 
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strong electrostatic attraction between the positively charged ruthenium complex and 
the negatively charged silica. Prasad et al. (2004) has demonstrated the physical 
adsorption of Rhodamine 6G (R6G) inside silica particles modified with vinyl-groups 
with dye-trapping efficiency of ~90% using microemulsion technique. Gang et al. 
(2009) showed mercaptopropyl and vinyl-functionalized mesoporous silica materials 
have a high adsorption capacity for R6G. Silica particles can be modified to prevent 
dye-leakage by functionalizing with organic groups to increase hydrophobicity, which 
prevents adsorbed dye from diffusing out (Cho et al., 2011).  
 
Here we describe the fabrication of dye-doped mercapto-silica nanostructures via a 
rapid and efficient adsorption of organic dyes, by extending the “green” one-pot 
aqueous synthesis technique for preparing pure mercapto-silica nanostructures using 
MPTMS discussed in Chapter 2. Cationic dyes are found to adsorb rapidly onto the 
negative-charged mercapto-silica host particles by strong electrostatic attraction via 
their positive charge-centers, thereby achieving high dye-loading efficiencies, 
whereas anionic dyes adsorb poorly. Donor-acceptor dyes nanoconfined onto the 
silica host come into close proximity with each other resulting in an enhancement in 
FRET emission with high energy transfer efficiency, compared to free dyes in water. 
We demonstrate the efficacy of the silica particles as excellent dye host media and 
efficient energy transfer system for FRET using four different organic dye-pairs. In 
short, we have developed dye-doped silica particles with enhanced FRET emission 
using a one-pot aqueous synthesis technique and established silica particles to be 
promising FRET host materials. This work is useful for future work on dye-
adsorption studies and research on efficient energy transfer between organic dyes. 
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Ammonia (30 wt%, AR, Mallinckrodt), 3-mercaptopropyl-trimethoxysilane 
(MPTMS) (>99%, Aldrich), Rhodamine 6G (R6G) Rhodamine 123 (R123) Acridine 
Orange (AO) Sulfo-Rhodamine 101 (SR101), Carboxy-X-Rhodamine (ROX), 
Coumarin 343 (C343) Rhodamine 110 (R110), Rhodamine 116 (R116), Rhodamine 
101 (R101) and Rhodamine B (RB) and (Sigma-Aldrich), deionized (DI) water 




Synthesis of dye-doped silica particles: To synthesize pure silica nanoparticles, we 
added 150 uL of MPTMS to 25 mL of deionized water in 50 mL polypropylene 
centrifuge tubes. The mixture is shaken at 300 rpm for 3 hours until MPTMS 
emulsion globules disappear and the solution turns visibly clear. The pH was 
measured to be about 6. Then, ammonia (100 uL, 30%wt) was added into the mixture 
and the pH was measured to be about 9. The solution was further shaken for 1 hr until 
it turns turbid indicating that silica nanoparticles were formed. The solution was 
divided into several glass vials of 3 mL for addition of aqueous dye (or dyes). Stock 
solutions of concentration 100 μM for all dyes were separately prepared. The dye (or 
dyes) mixture was slowly pipetted drop by drop into the glass vials containing silica  




Figure 3.7. Schematic procedure outlining the one-pot aqueous synthesis of monodispersed 
fluorescent dye-doped silica nanoparticles using MPTMS as silane precursor. (A) Mix 
hydrolysed MPTMS and ammonia catalyst in aqueous solution under vigorous shaking to 
form mercapto-silica nanoparticles. (B) Add ionic dye into solution. (C) Continue shaking 
and coating an outer layer of silica shell. 
Add hydrolyzed MPTMS 
and ammonia into water 
under shaking 
Add aqueous dyes 
into solution 




Dye-doped          
silica nanoparticles 
(B) (C) (A) 
Deionized 
water 
Further coating of 
outer silica shell 
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nanoparticles with gentle shaking (final dye concentration 2 μM, 3 mL). Then, the 
glass vials were mechanically shaken at 300 rpm for 30 minutes to allow the dye to 
fully absorb onto the surface of silica nanoparticles and to allow an outer silica shell 
layer to grow.  
 
Fluorescence measurements. Fluorescence measurements of all samples (2 mL) 
were carried out using a 2 mL quartz cuvette. Then, the dye-doped silica particles 
were removed by centrifuging the mixture for 10 minutes at 7000 rpm and the 
fluorescence spectra of any unbound residual dye remaining in their supernatants 
were measured. Steady-state fluorescence spectra were obtained on a RF-5301 PC 
fluorometer. The excitation wavelengths are chosen according to the donor dye used. 
The excitation/emission slit width is set at 5 mm/1.5 mm.  
 
 _____________________________________________________________Chapter 3 
_____________________________________________________________________ 
109 
3.9 Synthesis of dye-doped silica nanostructures. 
 
Briefly, we describe the preparation of dye-doped silica nanostructures via rapid and 
efficient electrostatic adsorption of organic dyes and demonstrate the efficacy of silica 
particles as suitable host media and efficient energy transfer system for FRET. The 
procedure is a modified extension to the one-pot “green” water-based synthetic 
technique for preparing pure mercapto-silica nanoparticles developed earlier in 
Chapter 2 using MPTMS as a water-soluble silane precursor. Figure 3.7 illustrates a 
schematic diagram describing the modified one-pot aqueous synthesis technique for 
preparing dye-doped silica particles. First, the silica particles are synthesized in a 
“one-pot” aqueous solution by using pre-hydrolysed MPTMS as silane precursor and 
ammonia as catalyst, and then followed by condensation of single or multiple aqueous 
dyes onto the silica host. Lastly, silica growth is allowed to continue in order to 
encapsulate the inner dye-doped silica core with an additional outer shell layer. Figure 
3.8 illustrates a cartoon diagram depicting the rapid and highly efficient physical 
adsorption of dye (or dyes) onto silica particle’s surface via strong electrostatic 
attraction, which locates the donor-acceptor dyes in close proximity to each other 
within nanoscale dimension. Efficient energy transfer between donor and acceptor 
provides the fluorescent silica particles with an enhanced FRET emission with a large 
Stokes shift. Figure 3.9 shows the SEM images revealing the time-evolved growth 
process of monodispersed R6G-doped silica particles.   





Figure 3.8. Schematic diagram showing the one-pot aqueous synthesis of 
monodispersed FRET silica nanoparticles. (A) Nanoparticles synthesized in aqueous 
solution using MPTMS as silane precursor. (B) Adsorption of FRET dye-pair onto 
silica surface, and (C) Encapsulation of dye-doped silica core by further continuing 
silica growth. 
Adsorption of FRET    
donor-acceptor dyes       






Aqueous synthesis of       
silica nanoparticles 
Free dyes in 
solution 
Adsorbed dye 




Figure 3.9. SEM images showing the time-evolved growth of monodispersed 
fluorescent silica nanoparticles doped with Rhodamine 6G (R6G) dye, synthesized 
over a time period of 0.5, 1.0, 1.5, 2.5, 4.5, 6.5, 10, 14 and 18 hours (A-I). R6G dye 
was added after 0.5 hours of synthesis. Same particles with (right) and without UV 
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3.10 Dye-loading efficiency of cationic, anionic and zwitterionic dyes 
 
Dye-loading efficiency of cationic and anionic dyes. To test the dye-loading 
efficiency of organic dyes onto silica particles, dye concentrations of 2 μM were used 
in order to avoid self-quenching effects due to dye-aggregation (Swati et al., 2004). 
Our results showed R6G adsorption onto silica particle to be rapid and majority of the 
dye was adsorbed within the first 10-20 minutes (Figure 3.10). The dye-loading 
efficiency for R6G is very high at 99% (Figure 3.11). The amount of unbound 
residual dye remaining in the supernatant was less than 1%, after removing the dye-
doped particles. The dye-doped particles which are kept in aqueous solution remain 
stable even after 6 months with minimal dye leakage, but sonication in alcoholic 
solvents washes out the dyes significantly. To confirm the reproducibility of high dye-
loading efficiency using other organic dyes, not only R6G, and to establish MPTMS 
silica particles as a general host carrier for cationic dyes, we tested two other cationic 
dyes, namely Rhodamine 123 (R123) and Acridine Orange (AO) and found similar 
results of high dye-loading efficiency of 99% (Figure 3.11). This is attributed to the 
strong electrostatic attraction between positively-charged dyes and the mercapto-silica 
particles, which are more negatively charged than Stöber particles as shown in 
Chapter 2 by zeta-potential measurements. To further confirm that electrostatic 
attraction is dominant in causing such high dye-loading efficiencies, we tested three 
anionic dyes such as Sulfo-Rhodamine 101 (SR101), Carboxy-X-Rhodamine (ROX) 
and Coumarin 343 (C343) and they were all found to adsorb poorly onto the silica 
particles, with dye-loading efficiency of 2%, 2% and 54% respectively (Figure 3.12). 
This is attributed to the net negative charge on SR101, ROX and C343 due to.
 _____________________________________________________________Chapter 3 
_____________________________________________________________________ 
113 




Figure 3.10.  Time-evolved photoluminescence PL and UV absorbance spectra of 
residual dye in supernatant in order to monitor the dye adsorption onto silica particles. 
(A) PL spectra and (B) its corresponding time-evolved peak intensities of unbound 
residual dye Rhodamine 6G (R6G) dye remaining in supernatant. (C) UV absorbance 
spectra and (D) its corresponding time-evolved peak intensities of unbound residual 
dye remaining in supernatant. Arrow indicates the rapid decrease in unbound residual 
dye remaining in the supernatant and strong dye adsorption onto silica particles within 
the 30 minutes.  
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ionization of its sulfonyl and carboxyl groups (chemical structures shown in Figure 
3.12’s insets). The adsorption mechanism is further supported by other reports that 
electrostatic effect is dominant when adsorbing cationic dyes onto negatively charged 
polymer-based particles at low concentration (Mubarekyan et al., 1998).  
 
In conclusion, we have developed a rapid and efficient method to prepare dye-doped 
silica particles in a simple one-pot aqueous solution. Based on our observations, we 
can conclude that adsorption mechanism for rapid and efficient dye-doping of the 
silica host can be attributed to strong electrostatic attraction between the guest dye’s 
cationic groups and the strongly negative-charged mercapto-silica host.  
 
Dye-loading efficiency of zwitterionic (neutral) dyes: Besides cationic and anionic 
dyes, we also tested the dye-loading efficiencies of neutral dyes to investigate the 
efficacy of silica particles as host media, using four zwitterionic dyes, namely 
Rhodamine 110 (R110), Rhodamine 116 (R116), Rhodamine 101 (R101) and 
Rhodamine B (RB). Their dye-loading efficiencies were found to be 17%, 55%, 99%, 
and 99% respectively (Figure 3.11 and 3.12). To understand this dye-adsorption 
behaviour, we must look at the molecular structure of the dyes. R110, R116, R101 
and RB are basically rhodamine core-based fluorophores characterized by a xanthene 
ring core with flanking amine residues (See Figure 3.11 and 3.12 insets). The 
positively-charged phenoxazone ring is common to all the dyes, while the molecular 
charge of all four rhodamine dyes is net zero due to the negative carboxyl groups 
which is ionized in aqueous solution (Suh et al., 2008).  




Figure 3.11. Strong adsorption of 5 organic dyes (dye concentration 2 μM, 3 mL), 
namely (A) Rhodamine 101 - R101, (B) Rhodamine B - RB, (C) Rhodamine 123 - 
R123, (D) Rhodamine 6G - R6G, and (E) Acridine Orange - AO, onto silica 
nanoparticles synthesized using MPTMS. PL intensity of both dye and silica 
nanoparticles (bold line), and unbound residual dyes in supernatant after removing the 
silica nanoparticles (dashed line). Inset: Dye chemical structure.  
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Figure 3.12. Poor adsorption of 5 organic dyes (concentration 2 μM in 3 mL), namely 
(A) Rhodamine 116 - R116, (B) Rhodamine 110 - R110, (C) Sulfo-Rhodamine 101 - 
SR101, (D) Carboxy-X-Rhodamine - ROX, and (E) Coumarin 343 - C343, onto silica 
particles synthesized using MPTMS. PL intensity of both dye and silica nanoparticles 
(bold line), and of unbound residual dyes remaining in supernatant after removing the 
silica nanoparticles (dashed line). Inset: Dye chemical structures. 
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However, the molecular structure of the amine side chains varies among these 
xanthene-core constructs, namely R110 with primary amines, R116 with secondary 
amines, and R101 and RB with tertiary amines (Figure 3.11 and 3.12 insets). More 
specifically, R101 possesses cyclic tertiary amines while RB possesses diethyl 
amines. The molecular structures of amino groups are written as: R110 => N(H)H, 
R116 => N(H)CH3, R101 => N(CH2)CH2, RB => N(C2H5)C2H5 with increasing order 
of alkylation of amino groups, which corresponds closely to the increasing dye-
loading efficiencies of 17%, 55%, 99% and 99%. It is reported that differences in 
molecular structures owing to different alkyl-substituents on the amino-group alter the 
characteristics of the particular dyes, such as their pKa, ionization potential and 
hydrophobicity (Michelle et al., 2008). Based on our observations, we can conclude 
that zwitterionic rhodamine dyes with higher alkylation of amino groups are likely to 
exhibit highly efficient dye-adsorption behavior towards silica host particles.  
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3.11 Energy transfer efficiency via FRET 
 
Fluorescence spectra. Having demonstrated that it is possible to prepare dye-doped 
silica particles by doping them with cationic and zwitterionic dyes in a rapid and 
efficient manner, we shall further demonstrate the efficacy of MPTMS-based silica 
particles as excellent host media for efficient energy transfer via FRET between 
organic dyes. We experimented with a commonly known donor-acceptor dyes AO 
and R6G by adsorbing both dyes onto the silica host. The guest dyes are chosen 
because they satisfy two conditions: (1) the donor’s emission overlaps the optical 
absorption of the acceptor, and (2) the dye-loading efficiencies on silica particles are 
high at 99% (Figure 3.11). Figure 7A shows the fluorescence spectra of the donor AO 
(1 μM) in the presence of increasing concentrations of the acceptor R6G (0 to 3 μM) 
adsorbed onto 3 mL of silica particles. We observed that the fluorescence emission of 
AO is gradually quenched and the emission of R6G is improved, with increasing 
amounts of R6G (arrows in Figure 3.13A), even though excitation of R6G is weak at 
490 nm. This is attributed to the efficient energy transfer from AO to R6G via FRET, 
due to dye condensation onto the silica host leading to close proximity between the 
dyes. To confirm that this observation of FRET is reproducible with other dyes, not 
just limited to AO-R6G, and to establish MPTMS-based silica particles as general 
host carriers for efficient FRET, we tested another three sets of dye-pairs, namely 
R123-R6G, R6G-RB and RB-R101 and found excellent donor-acceptor energy 
transfer via FRET. The fluorescence spectra of the dye-doped silica particles 
exhibited enhanced optical emission due to FRET at the acceptor’s wavelength while 
the donor is quenched as shown in Figure 3.13B-D.  





Figure 3.13. PL measurements showing FRET between donor-acceptor dye-pair 
electrostatically adsorbed onto silica nanoparticles synthesized using MPTMS. FRET 
donor-acceptor dye-pairs are namely (A) cationic AO and  cationic R6G, (B) cationic 
RB123 and cationic R6G, (C) cationic R6G and zwitterionic RB, and (D) zwitterionic 
RB and zwitterionic R101, which are excited at wavelengths 490, 500, 520 and 550 
nm respectively. 
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Stern-Volmer plots. Energy transfer efficiency via FRET between donor and 
acceptor dyes can be quantitated by plotting the ratio of the donor’s intensity “I0” in 
the absence of the quencher (i.e. acceptor) to the donor’s intensity “I” in the presence 
of the quencher (I0/I) as a function of quencher concentration, which is also known as 
Stern-Volmer plot, as shown in Figure 3.14. The Stern-Volmer quenching constant 
Ksv provide a good indication of the energy transfer efficiency of the system, which 
can be obtained from the slope of linear fits to the data, according to Wang et al. 
(2007). The energy transfer efficiency is higher (Ksv = 4 × 10-5 M from Figure 3.14A) 
for AO-R6G-doped silica particles, compared to Ksv = 0.36 × 10-5 M for free dyes in 
aqueous solution. The energy transfer efficiency is found to improve by more than 10 
times, proving that MPTMS silica particles serve an excellent host media to improve 
energy transfer via FRET. This improvement is because the distance between donor 
and acceptor molecules is greatly reduced when the dyes are closely positioned on the 
silica surface down to nanoscale proximity. To further confirm that this improvement 
in energy transfer efficiency is reproducible with other dyes, not just limited to AO-
R6G, as well as to establish MPTMS silica particles as general host carriers for 
efficient FRET, we tested three different sets of FRET dye-pairs adsorbed on silica 
host, and compared them to free dyes in aqueous solution (Figure 3.14B-D). For 
R123-R6G, R6G-RB and RB-R101 donor-acceptor dye-pairs, the Ksv values obtained 
from their Stern-Volmer plots are 3 × 10-5 M, 3.75 × 10-5 M and 4.25 × 10-5 M for a 
silica-particle host system, and 0.16 × 10-5 M, “NEG” and “NEG” for free aqueous 
system respectively, where “NEG” indicates no detectable energy transfer has occur 
(“NEG” is represented by a negative sloping Stern-Volmer plot, showing no 
detectable quenching of the donor despite adding increasing amounts of acceptor dye. 






Figure 3.14. Stern-Volmer plots (red line represents the linear fit to data) of MPTMS-
based silica particles doped with different FRET donor-acceptor dyes, namely (A) AO 
and R6G, (B) R123 and R6G, (C) R6G and RB, and (D) RB and R101, and their 
corresponding plots for free dye-pairs in neat water solution (green line), at excitation 
wavelengths 490, 500, 520 and 550 nm respectively. I0/I represents the ratio of the 
donor’s intensity I0 in the absence of the quenching acceptor to the donor’s intensity I 
in the presence of quenching acceptor. The Stern-Volmer quenching constant “Ksv” is 
obtained from the slope of the linear fits, and it indicates the energy transfer 
efficiency between the donor and acceptor within the respective host system. “NEG” 
indicates no observable energy transfer. 
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Moreover, the Ksv value of  3.75 × 10-5 M for R6G-RB-doped silica particles exceeds 
the Ksv value of 2.31~2.92 × 10-5 M obtained for one-dimensional mesoporous silica 
materials reported by Wang et al. (2007), supporting our claim on high efficient 
energy transfer using our MPTMS-based silica particles.  
 
In conclusion, we have shown that multiple-dye-doped silica particles with enhanced 
FRET emission can be prepared in a simple one-pot aqueous solution using MPTMS. 
From the above results, we can conclude that MPTMS-based silica particles are an 
ideal host media for improving the energy transfer efficiency between donor and 
acceptor dyes via FRET. The results of this work will be useful for future work on 
dye adsorption studies, synthesis and development of nanostructured host media, and 
research on efficient energy transfer between organic dyes. 
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3.12 Chapter Summary 
 
In conclusion, we have developed a simple and efficient method to prepare dye-doped 
silica nanostructures by modifying the “green” one-pot water-based synthesis 
technique for preparing pure silica nanostructures using MPTMS introduced in 
Chapter 2. High dye-loading efficiencies of 99% for three cationic dyes (R6G, R123, 
AO) and two zwitterionic dyes (RB and R101) were demonstrated. We attribute the 
physical adsorption mechanism for rapid and efficient dye-loading onto the silica 
hosts to the strong electrostatic attraction between the guest dye’s cationic groups and 
the strongly negative-charged mercapto-silica host. To further confirm the mechanism 
of dye adsorption onto the silica particles, anionic dyes (SR101, ROX and C343) were 
demonstrated to adsorb poorly due the ionization of their carboxyl and sulfonyl 
groups, which results in a net negative charge. Dual-dye-doped silica particles with 
enhanced FRET emission were prepared by adsorbing donor-acceptor dye pairs onto 
the silica nanostructures. Energy transfer efficiencies of four different donor-acceptor 
dye pairs were found to be higher than free dyes in aqueous solution. This 
improvement is a result of a reduction in the distance between donor and acceptor 
molecules when the dyes are closely positioned on the silica surface, down to 
nanoscale proximity. In short, we have established mercapto-silica nanostructures as 
excellent host materials for improving the energy transfer efficiency between donor 
and acceptor dyes via FRET. The results of this work is expected to be useful for 
future work on dye adsorption studies, synthesis and development of nanostructured 
silica host media, and research on efficient energy transfer via FRET between organic 
dyes.
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Over the last decade, silica-coated metal nanoparticles (metal@SiO2) have been 
widely synthesized and studied for surface-enhanced Raman scattering, catalytic, 
colorimetric and optical applications (Roca et al., 2008; Sanles-Sobrido et al., 2009; 
Fernandez-Lopez et al., 2009; Lee et al., 2008; Joo et al., 2009; Deng 2010; Liu et al., 
2005; Liu et al., 2005; Liu et al., 2005; Aslan et al., 2007; Tang et al., 2010; Mathieu 
et al., 2011). The widespread interest in silica-coating techniques has been greatly 
driven by the excellent properties of silica such as its rich surface chemistry, 
biocompatibility, controllable porosity, optical transparency and multi-functionality 
together with its metal cores as reported in many publications (Liu et al., et al., 2010). 
 
A seminal work on silica-coating gold nanoparticles was reported by Liz-Marzán, 
Mulvaney, and co-workers (Liz-Marzán et al., 1996). The authors proposed silica-
coating gold colloids in ethanolic medium using a modified Stöber process (Stöber et 
al., 1968). In order to achieve this, the authors had to first surface-stabilize the gold 
colloids by coating them with a thin silica layer using sodium silicate, so that they can 
be stably transferred into alcoholic medium. Due to the low affinity of gold with 
sodium silicate, the gold colloidal surface must be activated with a surface-coupling 
agent, 3-aminopropyl-trimethoxysilane (APTMS) before proceeding to coat with 
sodium silicate (Liz-Marzán et al., 1996). However, the critical step of surface-
stabilization with sodium silicate is poorly reproducible and requires a long period of 
time – from twenty-four hours to weeks – before a sufficient layer silica shell can be 
formed to stabilize the particles in the alcohol solution (Liu et al., et al., 2005). Since 
the reporting of Liz Marzán’s pioneering work in 1996, many research studies have 
been carried out to simplify and shorten the tedious three-step procedure.  
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Alternative surface-stabilization methods have been developed to simplify and 
improve on Liz Marzán’s three-step silica-coating procedure over the last decade. For 
example, Graf et al. (2003) developed a faster and simpler method, which uses neither 
the surface-coupling agent APTMS nor the poorly reproducible silica-coating by 
sodium silicate. The method entails adsorbing a synthetic polymer, 
polyvinylpyrrolidone (PVP), onto Au nanoparticles into order to facilitate the transfer 
of gold colloids stably into alcoholic solvents. However, the surface-adsorbed 
macromolecules of PVP usually result in polydispersed Au@SiO2 with rough surfaces 
while incomplete removal of PVP results in polymer residues adsorbing onto 
Au@SiO2 as contaminants, affecting its surface chemistry (Liu et al., 2005).  
 
Another example of a surface-stabilization technique involves stabilizing the metal 
colloids by assembling 3 layers of polyelectrolytes layer-by-layer (Liz-Marzán et al., 
2006) onto metal nanoparticles before transferring into an alcohol solution for silica 
coating by Stöber method. However, this procedure faces problems of tedious 
multiple steps of coating with polyelectrolytes and polymer-based contamination. On 
the other hand,  Han and co-workers have synthesized highly monodisperse silica-
coated Au, Ag (Liu et al., 2005) and Pt (Liu et al., 2007) nanoparticles of ~50 nm 
diameter as well as Au nanoparticles with various controlled silica thickness. The key 
to preparing sufficiently stable gold colloids for silica coating in alcohol solution is by 
introducing fresh sodium citrate into the synthetic system to replenish oxidized citrate 
products (Liu et al., 2010). However, a disadvantage of this technique is that it 
requires the use of large amounts of alcohol (Han et al., 2008). Hence, it is desirable 
to develop a water-based technique for environmentally-friendly direct silica-coating 
metal nanoparticles, without requiring any surface-stabilization steps.   




Recently, several research groups have reported the use of 3-mercaptopropyl-
trimethoxysilane (MPTMS) as a water-soluble silane precursor to synthesize silica in 
an aqueous solution (Johnston et al., 2005; Lee et al., 2007; Nakamura et al., 2008; 
Niu et al., 2010; Nakamura et al., 2011). The key advantage of synthesizing silica in 
aqueous solution will be that the problem of lower colloidal stability of metal 
nanoparticles in alcohol mediums, due to reduced surface charges, can be resolved, 
and thus, this obviates any need to perform tedious surface-stabilization procedures 
(Liz Marzán et al., 1996). This enables scaleup production of silica-coated 
nanostructures by harnessing the excellent colloidal stability of metal nanoparticles in 
water solvent. Another advantage of an aqueous synthesis is that it promotes green 
chemistry in material synthesis through the use of inexpensive, non-toxic and 
ecologically friendly solvents such as water, in place of toxic solvents such as ethanol 
or isopropanol. The water solubility of the MPTMS is therefore an attractive property, 
which motivated us into developing a new water-based technique for direct silica-
coating of noble metal nanoparticles. 
 
Recently, Nakamura et al. (2010) and Niu et al. (2010) both silica-coated polymer-
protected quantum dots and iron-oxide nanoparticles using MPTMS in aqueous 
solution, respectively. This is possible due to the fact that the core particles are 
encapsulated by a layer of polymer shell, which allows the MPTMS silane to attach 
easily and directly onto the polymer shell’s abundant surface hydroxyl groups. The 
technique has reportedly several advantages over existing silica-coating methods. For 
example, the aqueous silica encapsulation using Nakamura’s technique took 3 hours, 
as opposed to using reverse emulsion, which requires 1 day (Nann et al., 2004) or 
using sodium silicate, which requires 3 days (Zhang et al., 2006). In addition, the 
presence of intrinsic thiol groups allows conjugation with thiol-reactive dyes or 
biomolecules, without the need for additional surface functionalization steps.  
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However, silica-coating of polymer-coated metal nanoparticles often results in non-
spherical core-shell particles, with rough surfaces and other problems such as 
polydispersity and multiply-cored products (Niu et al., 2010). Other problems 
associated with techniques proposed by Nakamura and Niu include either the need for 
multiple tedious processes of preparation and purification (Niu et al., 2010) or harsh 
synthetic conditions such as prolonged high temperatures of ~100°C (Nakamura et al., 
2010) respectively. Prolonged high temperature is particularly unfavorable for silica-
coating as it will lead to problems such as colloidal instability due to rapid thermal 
desorption and the loss of chemisorbed thiols from metal surfaces (Whitesides et al, 
2005; Merli et al., 2008; Hardy et al., 2008). It is reported that, at temperatures of 
above 50 °C, chemisorbed thiol molecules form relatively unstable bonds, leading to 
rapid surface desorption and thiol-oxidation into disulfides (Moon et al., 2009). Thus, 
existing techniques involving multiple tedious steps or high temperature conditions 
are unsuitable for large-scale silica-coating of metal nanoparticles.  
 
So far, there are very few studies on direct silica-coating of noble metals such as Au, 
Ag and Pt nanoparticles in aqueous solutions in large-scale quantity. Noble metals 
such as Au, Ag or Pt nanoparticles are well-known for their plasmonic and catalytic 
properties. Unlike polymer-coated iron-oxide nanoparticles or semiconductor 
quantum dots, direct silica-coating of citrate-stabilized noble metals nanoparticles, 
such as gold and silver, are more difficult for due to the metal’s low chemical affinity 
towards silica (Han et al., 2008). Hence, it is desirable to develop a reliable and 
reproducible technique for quick and facile one-pot all-aqueous synthesis of silica-
coated noble metal nanoparticles in large-scale quantity under ambient temperature.  




In this chapter, we develop a novel technique for direct silica-coating nanoparticles of 
noble metals using MPTMS in aqueous solution. Thiol-functionalized metal@SiO2 
nanoparticles (metal-core encapsulated with silica-shell) are prepared using a one-pot 
synthesis method under room temperature, without the need for additional surface-
stabilization steps. The key advantage of this aqueous synthetic procedure is that  
metal-oxide hybrid nanostructures with well-defined core-shell architecture can be 
produced in large-scale quantities, without any problems of colloidal instability or 
contamination by free silica nuclei, in a simple and fast one-pot synthesis. The 
universality of silica-coating noble metals is demonstrated using Ag, Au and Pt 
nanoparticles. The end-products synthesized are highly monodispersed, spherical and 
uniform with smooth surfaces. Silica-coating thickness can be easily controlled by 
varying the coating time and a 50 nm thick silica shell can be coated within a short 5 
hours (as opposed to 1-3 day as reported by Nakamura). The silica growth mechanism 
is investigated using SEM and the initial silica deposition is found to be a non-
homogenous anisotropic process, but the silica shell gradually grows more uniform as 
its thickness increases over time. The silica-coating is shown to function as an 
excellent physical barrier which can protect the Ag core under a corrosive external 
environment. We further extend this one-pot water-based technique into fabricating 
metal-oxide nanostructures with unique yolk-shell architecture, as well as dye-doped 
nanostructures with strong SERS signals. This work presents a new reliable and 
reproducible preparation technique for high quality core-shell nanoparticles in large-
scale (gram-scale) quantity and provides insight into the development of other metal-
oxide hybrid nanostructures with unique core-shell architecture using water-based 
techniques at ambient temperature.  
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HAuCl4.3H2O (99.9+%, Aldrich), AgNO3 (99.995%, Aldrich), chloroplatinic acid 
hexahydrate ( 37.50% as Pt, Aldrich), and sodium citrate dihydrate (99+%, Aldrich) 
were used to prepare the gold colloids. For silica coating, 3-mercaptopropyl-
trimethoxysilane (MPTMS) (>99%, Aldrich) was used. Ammonia (30 wt%, AR, 
Malinckrodt) and absolute ethanol (Honeywell) were used as received. Deionized 
water was used throughout all the experiments. 
 
4.2.2 Methods  
 
UV spectroscopy. UV-vis spectra were recorded with a Shimadzu UV-1601 UV 
spectrometer. Fluorescence spectrum was obtained using a RF-5301 PC fluorometer. 
Time-resolved UV-vis spectra for silver dissolution were recorded using a HP 85453 
diode-array spectrometer equipped with a HP 89090a Peltier temperature controller.  
 
Electron microscopy. Transmission electron microscopy (TEM) images were 
recorded using a JEOL 1010 TEM operating at an accelerating voltage of 100 kV. 
High resolution TEM images were recorded using a Philips CM 300 FEGTEM 
operating at an accelerating voltage of 300 kV. The samples were prepared by 
dropping the solutions of nanoparticles onto 300-mesh carbon-coated copper grids.  
 




EDX spectroscopy. EDX spectroscopy is carried out using a tungsten source 
scanning electron microscope JEOL 5600 equipped with an Oxford/LINK EDS 
(Energy Dispersive X-ray Spectrometer) for elemental composition on a sample 
surface. Samples of 10 μL were deposited on carbon film and allowed to dry before 
taking EDX spectra at 500× magnification and 15 kV acceleration voltage.  
 
SERS measurements. Raman measurements were performed on a Renishaw inVia 
Raman microscope with an excitation wavelength of 785 nm. Laser spot was 2 m in 
diameter. The maximum laser power was 135 mW. An acquisition time of 10 s was 
used to obtain SERS spectra with a high signal-to-noise ratio. 
 
Preparation of 15-nm gold nanoparticles. Uniform gold nanoparticles, 15 nm in 
diameter, were prepared by injecting a sodium citrate solution (5 mL, 1 wt%) into a 
boiling solution of HAuCl4 (50 mL, 1 mM) under vigorous stirring.  After boiling for 
15 mins, the reaction was allowed to cool to room temperature. The 15-nm Au 
nanoparticles were then filtered using a filtering unit (PTFE, 1.0 μm), and the purified 
Au nanoparticles were used as seeds for growing 50-nm-sized Au nanoparticles. TEM 
analysis of more than 200 particles gave a standard deviation in the diameter of the 
resulting seed gold nanoparticles of <10%. From the absorption measurements and 
taking the molar coefficient as 3.0 × 108 M-1cm-1, the particles concentration was 
deduced to be 7.2 × 1012 particles mL-1 (Liu et al., 2005). 
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Seeded growth of 50-nm gold nanoparticles. For seeded growth of larger gold 
nanoparticles, 50 nm in diameter, a freshly prepared aqueous HAuCl4 solution (125 
mL,  0.3 mM) was first heated to boiling point, followed by the sequential injection of  
as-prepared aqueous seed solution (1.125 mL) and sodium citrate solution (0.56 mL, 1 
wt%) under rapid magnetic stirring. The mixed solution was then boiled for 30 
minutes. Next, additional sodium citrate solution (5.0 mL, 1 wt%), as extra stabilizer, 
was injected into the boiling solution, which was heated for one more hour. The 
particle concentration was calculated to be 6.4 × 1010 particles mL-1, based on the 
seed-particle number used in the seeded growth process.  
 
Preparation of 50-nm silver nanoparticles. Silver nanoparticles were prepared by 
adding sodium citrate solution (10 mL, 1 wt%) dropwise within 2 min into 490 mL of 
boiling aqueous solution containing 90 mg of AgNO3 under vigorous stirring. After 
boiling for 1 hour, additional sodium citrate solution (5.0 mL, 1 wt%), as extra 
stabilizer, was injected into the boiling solution, which was heated for one more hour. 
Then, the solution was allowed to cool to room temperature. The as-prepared silver 
colloid was centrifuged at 500 rpm for 1 hour to remove larger nanoparticles. After 
analyzing over 250 particles with TEM, it was found that the remaining silver 
nanoparticles in solution have an average size of 50 nm.  
 




Preparation of 50-nm platinum nanoparticles. Initially, an aqueous solution of 
sodium citrate (5 mL, 1 wt%) was added quickly into a boiling solution of 
chloroplatinic acid in water (50 mL, 1 mM) under vigorous magnetic stirring. After 
continuously boiling for 1 hour, a brownish solution of seed Pt nanoparticles was 
obtained upon slow cooling to room temperature. Subsequently, an aqueous solution 
of chloroplatinic acid (125 mL, 0.30 mM) was heated to boiling temperature and then 
injected with 1.10 mL of the as-prepared seed solution and sodium citrate solution 
(0.5 mL, 1 wt%) under vigorous magnetic stirring. After boiling the mixed solution 
for 4 hours, additional sodium citrate solution (0.5 mL, 1 wt%) was added and the 
mixture refluxed for two more hours to further stabilize the Pt nanoparticles, which 
were collected by centrifugation and dispersed into 10 mL of water for later use.  
 
Silica-coating on metal nanoparticles. Metal nanoparticle stock solutions were used 
as-prepared. Different amounts of stock solutions (namely 2 mL of 15-nm Au, 2 mL 
of 50-nm Ag, 2 mL of 50-nm Au, and 2 mL of 50-nm Pt nanoparticles) were mixed 
with 3 mL of aqueous MPTMS (100 μL MPTMS dissolved in 30 mL water until a 
transparent solution is obtained) in a 50 mL polypropylene conical tube. The pH was 
measured to be 6.5. Subsequently, ammonia (20 μL, 30 wt%) was added to the mixed 
solution. The pH was measured to be 10. The reaction mixture was shaken at 300 rpm 
using orbital Innova 4080 incubator shaker under controlled temperature and speed. 
The reacted mixture was then centrifuged at 3000 rpm for 10 minutes and the silica-
coated metal nanoparticles precipitate was redispersed into water for further washing. 
After 3 rounds of centrifugation and redispersion, metal particles with silica shells 
were obtained. The silica shell thickness was adjusted by varying the coating time 
over 0, 1, 3, and 5 hours (See Section 4.4). 




Large-scale preparation of silica-coated silver nanoparticles. Monodispersed 
silica-coated Ag nanoparticles were synthesized in a 250 mL capacity glass bottle by 
dispersing as-prepared Ag nanoparticles (30 mL) into aqueous MPTMS (obtained by 
dissolving 150 μL neat MPTMS in 50 mL water until a transparent solution is 
obtained after shaking for 2~3 hours) under vigorous shaking at 300 rpm. Ammonia 
(300 μL, 30 wt%) was then added to the 50 mL solution. The pH was measured to be 
10. The reaction mixture was stirred at 300 rpm for 5 hours. The silica-coated silver 
nanoparticles were collected by centrifugation at 3000 rpm for 10 minutes and 
redispersed into water and ethanol for further washing. After 3 rounds of 
centrifugation and redispersion, Ag@SiO2 particles were obtained. The procedure was 
repeated for 20 batches to obtain ~1000 mg of silica-coated silver nanoparticles.  
 
Dissolution of silver in using ammonia. As-prepared stock solutions of bare Ag 
nanoparticles and silica-coated Ag nanoparticles were diluted using DI water. The 
final Ag concentration for both solutions was adjusted equally by measuring their 
absorbance intensities at their silver plasmon peaks of their respective UV-vis spectra. 
To both solutions (each 1.35 mL), ammonia (150 μL, 30 wt%) was added to obtain a 
final volume of 1.5 mL solution. The UV-vis absorbance spectra were taken and the 
peak intensities of each spectrum were recorded every 30 seconds for over 1 hour. 




4.3  Silica-coating on metal nanostructures in aqueous solutions 
 
Experimental synthesis. Experimentally, metal nanoparticles were synthesized 
according to previous reports (Liu et al., 2005 and 2007) and were used as-prepared. 
The metal precursors were reduced into metal nanoparticles and surface-stabilized by 
adding sodium citrate as a reducing and capping agent at boiling temperature. 
Additional sodium citrate was then added for greater stability (Liu et al., 2010) and 
the mixture was allowed to cool to room temperature. Aqueous MPTMS was prepared 
by shaking the silane monomer in water for 2~3 hours until a clear solution was 
obtained. Then, metal nanoparticles were mixed with aqueous MPTMS and ammonia 
under vigorous shaking at room temperature to form silica-encapsulated metal 
nanoparticles (metal@SiO2). Noble metals such as gold, silver and platinum were 
directly silica-coated to obtain Au@SiO2, Ag@SiO2 and Pt@SiO2 respectively.  
 
Silica-coating process. Figure 4.1 shows the schematic of the coating process. Firstly, 
the MPTMS monomer is hydrolysed in water under vigorous shaking. Then the 
hydrolysed MPTMS is mixed with as-prepared citrate-stabilized metal nanoparticles. 
Ammonia is added as a catalyst. The silica shell synthesis uses a single precursor 
MPTMS, a mercapto-silane monomer with a chemical structure shown in Figure 4.2A. 
The silica coating process comprises of three main processes, namely hydrolysis, 
chemisorption and condensation, as described below. 




Figure 4.1. Schematic diagram outlining the large-scale production of silica-coated metal 
nanoparticles in water-based solution using MPTMS as a aqueous silane precursor. (A) 
MPTMS is first hydrolysed in water, then (B) citrate-stabilized Au nanoparticles and 
ammonia were added and (C) the mixture is mechanically shaken at room temperature. 
Silica-coating steps are similar for gold, silver and platinum nanoparticles.  
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Hydrolysis (Figure 4.2B). Initially, an oil-in-water emulsion is formed when pure 
MPTMS is added to water because the silane monomer is insoluble in water. The 
solution appeared turbid. After shaking for about 2~3 hours, the emulsion droplets 
gradually break down and turbidity disappears. This is because the MPTMS monomer 
(HS)Si(OCH3) has three carbon chains which are able to hydrolyse from alkoxy 
(−OCH3) groups to hydroxy (−OH) groups forming an organosilanetriol (HS)Si(OH)3 
with water soluble silanol (Si−OH) groups. At the same time, the self-hydrolyzing 
MPTMS releases methanol (CH3OH) which acts as a cosolvent to help dissolve the 
MPTMS precursor (Johnston et al., 2005).  
 
Chemisorption (Figure 4.2C). MPTMS contain 2 reactive functional groups, the 
methoxy (−OCH3) headgroup and thiol (−SH) tailgroup. The thiol tailgroup of the 
MPTMS monomers can form strong covalent bonds with several metals such as Ag, 
Au, and Pt through chemisorption (Thompson et al., 1997). The strong affinity of the 
metal-sulphur bond can displace citrate ions which are weakly bound by electrostatic 
forces (Love et al., 2005). The chemisorption reaction can be understood as an 
oxidative addition of the −SH bond to the metal surface, such as gold, forming 
RS−Au followed by a reductive elimination of the hydrogen (Ulman et al., 1996). The 
eliminated hydrogen in the presence of oxygen in the reaction medium undergoes 
oxidative conversion into water (Love et al., 2005). The -SH groups are bound to the 
gold surface whereas the −Si(OH)3 groups are extended outward for condensation 
with hydrolysed MPTMS.  
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Condensation (Figure 4.2D-F): After the chemisorption and hydrolysis of the 
MPTMS, condensation takes place. This can be represented by: 
 
Si−OH  +  Si−OH    Si−O−Si  +  H2O  
 
where Si−O−Si represents the siloxane bond. Unlike TEOS, MPTMS has only three 
reactive sites for condensation. As condensation reaction proceeds, the polymerization 
of monomers forms short dimers (T1 species in Figure 4.2D) and long polymer chains 
(T2 and T3 species in Figure 4.2D and E) which condense onto the surface of the 
metal nanoparticles. The ammonia acts as a catalyst crosslinking the long polymer 
chains (Figure 4.2D to F) forming a solid silica shell around the metal core. 
Concurrently, residual thiol groups are grafted into the silica matrix as well as onto 
the silica surface, giving rise to a thiol-functionalized core-shell nanostructure (Niu et 
al., 2010). 
 
Throughout the silica-coating process, MPTMS can triple-function as (i) a silane 
coupling agent, (ii) a water-soluble silica source, and (iii) a functional precursor for 
the thiol-functionalization of the silica particles. Hence, the use of a single silane 
precursor can cut down the multiple steps required in surface stabilization, extensive 
silica growth and grafting of functional groups. This in turn reduces the number of 
centrifugation or dialysis steps and removes the need for changing the reaction 
mixture (Nakamura et al., 2010). 






Figure 4.2. Schematic showing hydrolysis, chemisorption, condensation and 
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We have earlier detected and quantitated large density of accessible free thiol groups 
available on mercapto-silica synthesized using MPTMS (by using EDX and thiol-
reactive Ellman’s reagent in Figure 2.11 and 2.12 of Chapter 2). Apart from imparting 
good colloidal stability with its strong surface negativity charges (as confirmed by 
zeta potential measurements in Figure 2.13 of Chapter 2), these thiol residues can 
react and form covalent bonding with various chemical coupling agents such as 
alkenes, isothiocyanates, succinimidyl esters, and maleimides (Miller et al., 2005; 
Nakamura et al., 2011). This enables easy incorporation of thiol-reactive dyes through 
covalent bonding inside the silica-shell to form fluorescent silica particles as shown 
by Niu et al., (2010). The residual thiol groups on the surfaces of silica shell are 
available for surface functionalization and bioconjugation which are advantageous for 
biochemical sensing applications as shown earlier in Chapter 3 under Section 3.4. 
 




4.4 Time-dependent growth of silica on metal nanostructures 
 
The time-dependent growth of silica on silver nanoparticles is characterized by TEM 
(Figure 4.3). By controlling the silica coating time, we varied the silica shell thickness 
in the range of several tens of nanometers. Figure 4.3A-D shows the TEM images of 
silica-coated silver nanoparticles Ag@SiO2 with shell thicknesses of 0, 10, 25, 38, 
and 50 nm coated over 0, 1, 3, and 5 hours. The hydrolysed MPTMS precursor under 
the effect of the ammonia catalyst, forms a homogeneous silica layer around the silver 
particles using the silanol groups as anchor points. The condensation of MPTMS onto 
silver nanoparticles is highly uniform after 1 hour of coating and did not form any 
core-free silica nuclei. However, it is important to note that the silica deposition at the 
initial stage is anisotropic, which will be discussed in the next section. As the particle 
size increases, the products become monodisperse due to the formation of a thicker 
silica shell. The silica growth rate is very fast at 25 nm/hr within the first hour, but 
subsequently decreases to 12~13 nm/hr due to the quick depletion of the MPTMS 
precursor. The TEM in Figure 4.4A shows that the nanoparticles are uniform and 
have single cores. The core-shell nanostructures are spherical and have a smooth 
silica surface. A high-resolution TEM image of the silica shell indicates the non-
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Figure 4.3. TEM images of Ag@SiO2 of different shell thickness at various coating 
times of (A) 0 hr, (B) 1 hr, (C) 3 hr and (D) 5 hr. Corresponding UV spectra showing 
red-shift of silver surface plasmon peaks with increasing coating time (F). Scale bar = 
50 nm. 
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Optical properties. The UV absorbance spectra were monitored over 5 hours of 
silica coating. Figure 4.3 shows the silver surface plasmon peaks at 438, 478, 483 and 
438 nm for shell thicknesses 0, 20, 38 and 50 nm after 0, 1, 3 and 5 hours of silica 
coating respectively. It is known that silica shell thickness affects the position of the 
surface plasmon absorption band (Liz Marzán et al., 1996). The surface plasmon peak 
at 483 nm for bare silver nanoparticles was observed to red-shift 45 nm after 5 hours 
of silica coating. This red-shift is known to be due to the increase in the local 
refractive index surrounding the silver nanoparticles (Pastoriza-Santos et al., 2006; Lu 
et al., 2002). Beyond 3 hours of coating, there is no longer any significant red-shift in 
plasmon peak. This corresponds to a shell thickness of ~38 nm. The maximum optical 
red-shift of 45 nm is in good agreement with other reports (Chou et al., 2007). 
 




Figure 4.4. (A) TEM image of silica-coated silver nanoparticles. (B) HR-TEM image 









Anisotropic silica deposition during initial coating stage. The TEM image in 
Figure 4.5 taken after 0.5 hours of silica coating confirms that the initial silica coating 
is anisotropic and non-homogenously deposited on the silver surface. We can clearly 
see silica-coated and uncoated silver surfaces (indicated by arrows) after 30 minutes 
of coating. This uneven silica deposition can be attributed to the fact that the extent of 
protective citrate-capping for silver differs for different crystalline faces, resulting in 
different extent of citrate ligand displacement by the MPTMS thiol tailgroup (Caswell 
et al., 2003). In addition, the thiol affinity to silver also differs for different crystalline 
faces, resulting in different spatial arrangements and packing densities of thiol 
tailgroups chemisorbed onto the Ag particle surface (Love et al., 2005). We are the 
first to report this anisotropic nature of silica-coating using MPTMS silane precursor. 
 
Results of EDX analysis. Figure 4.6 shows the major chemical elements in the silica-
coated silver nanoparticles obtained by EDX analysis. The electron beam for EDX 
analysis was accelerated with 15 kV voltage and focused on the particles for imaging 
at a low 500× magnification. The peaks at 0.53, 1.74 and 2.3 keV confirmed the 
existence of oxygen O, silicon Si and sulphur S elements as key constituents of empty 
SiO2 nanoparticles without any silver cores (Figure 4.6A). In Figure 4.6B, the 
presence of the Ag core for Ag@SiO2 is evidenced by an additional Ag element with 
characteristic Ag-L peaks for L, L	 and L	2 at 2.98, 3.15, and 3.34 keV (Seo et al., 
2008; Kim et al., 2008). The carbon peak at 0.28 keV is due to scattering caused by 
carbon tape on the SEM sample mount. Additional evidence for the presence of an 
embedded Ag core is provided by the TEM images shown in Figure 4.4. 





Figure 4.5. TEM image showing anisotropic silica deposition onto Ag nanoparticles 
50 nm in diameter after 30 minutes of silica coating. Arrows indicate the uncoated 
portions of silver particle surfaces. Scale bar = 50 nm 
Anisotropic silica 
deposition 






Figure 4.6. EDX spectral analysis of (A) bare silica SiO2 nanoparticles, and (B) 
silica-coated silver nanoparticles Ag@SiO2. The presence of silver X-ray peaks 
confirms the successful encapsulation of Ag nanoparticle within a silica shell. Insets: 
Corresponding TEM images of bare SiO2 and Ag@SiO2. The carbon C peaks appear 
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4.5  Universality of silica growth technique on various noble metals
  
Silica coating of 50-nm Au, Ag, and Pt nanoparticles. In order to show the 
universality of our technique and its general application in direct silica coating of 
different types of noble metals, we coated 50-nm diameter Ag, Au, and Pt 
nanoparticles. Our TEM images (Figure 4.7A-C) show that silica-coated Ag, Au, and 
Pt nanoparticles were successfully synthesized. These particles were all uniformly 
coated, spherical in shape and had single cores. The resulting thicknesses of the silica 
shell varied for different metals. Within the same 3 hours coating duration, we 
obtained 50, 30, and 10 nm silica shell thickness for Au, Ag and Pt nanoparticles 
respectively. The reason for the differences in shell thickness is attributed to the 
different preparatory conditions for the metal nanoparticles which resulted in different 
final starting concentrations of the stock solutions. In addition, different metals 
possess different crystallographic textures which will result in different extents of 
metal surface capping by the citrate ions (Love et al., 2005). The affinity for thiol 
groups also differs for different metals. All these factors affect the surface properties 
where thiol-metal bonding interactions take place (Love et al., 2005) and offer an 
explanation as to why the rate of silica deposition varies for different metals.  
 






Figure 4.7. TEM images showing silica-coating on (A) 50 nm Au, (B) 50 nm Ag, (C) 
50 nm Pt, and (D) 15 nm Au nanoparticles. Scale bar = 100 nm (for A, B and C) and 
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Silica coating of 15-nm Au nanoparticles. In addition to coating metal nanoparticles 
50 nm in size, we also tried coating much smaller 15-nm-sized Au nanoparticles using 
our direct silica-coating technique. The TEM image in Figure 4.7D shows that silica-
coated gold nanoclusters were formed, instead of the usual single-cored nanoparticles. 
During the synthesis, we observed that the gold nanoparticle stock solution 
immediately turned from red to purplish when hydrolysed MPTMS was added. This 
colour change was due to the fast aggregation of Au nanoparticles into nanoclusters. 
The lower colloidal stability of smaller sized nanoparticles, due to lesser citrate 
capping on the metal surface have been reported (Han et al., 2008). The MPTMS thiol 
groups displaced the protective citrate ions on the Au surface leading to a reduction in 
surface charge and weakened the Au nanoparticles’ colloidal stability. 
 
Lower colloidal stability led to the Au nanoparticle aggregation, resulting in 
formation of Au nanoclusters, upon adding ammonia. The aggregate size of the 
nanoclusters varies from 2 to 20 Au nanoparticles as shown in Figure 4.7D. This in 
turn resulted in silica-coated gold nanoclusters with a large size distribution, ranging 
from 80~200 nm. The final morphology is non-spherical due to the irregularly-shaped 
Au nanoclusters. Previously, Huang et al. (2009) has shown that such silica-coated 
metal nanoclusters display strong Raman signals when doped with rhodamine 6G, 
which have important usage in surface enhanced Raman scattering (SERS) 
applications. In addition, it is possible to control the size and uniformity of 
nanoaggregates by adjusting the pH of the colloidal solution using NaOH. Hence, we 
are currently working on improving the size uniformity of our gold nanoclusters.  
 




4.6  Scale-up synthesis of silica-coated metal nanostructures 
 
It is important for a silica-coating technique to be reproducible and have high 
throughput in order to produce useful and sufficient amount of nanoparticles for 
biomedical applications (Liu et al., 2005). In order to prove that our technique is able 
to prepare silica-coated metal nanoparticles in large-scale quantities of up to ~ 1000 
mg, we used a larger reaction volume (30 mL) for a scaleup production. The volume 
of stock silver nanoparticles used was increased by 15 times from 2 mL to 30 mL 
which increases the total number of Ag nanoparticles from 13.2 × 1010 to about 200 × 
1010 particles. Correspondingly, the MPTMS precursor and ammonia catalyst were 
increased proportionately to 150 μL and 300 μL respectively. Due to the larger 
reaction volume, magnetic stirring at 450 rpm using a stirring bar was carried out in a 
250 mL glass bottle instead of normal shaking. Our TEM (Figure 4.8A) and SEM 
(Figure 4.8B) results confirmed that monodispersed silica-coated silver nanoparticles 
were synthesized in large-scale quantities. Even under high volume synthesis 
conditions, the silver particles are coated uniformly with a layer of silica and have a 
small size distribution, as evident from the SEM image in Figure 4.8. These core-shell 
particles are spherical in shape and are embedded with only one core in the centre. 
There were no coreless silica spheres formed We produced ~1000 mg of Ag@SiO2 by 
simultaneously coating 10 separate batches of silver colloids via the same synthesis 
procedure as shown in the SEM images in Figure 4.8C. In summary, we have shown 
that this direct silica coating technique is highly reproducible and suitable for up-scale 
production (gram-scale).  
 





Figure 4.8. Electron microscopy imaging of silica-coated silver nanoparticles 
Ag@SiO2 of ~200 nm in diameter synthesized in large-scale quantities of ~1000 mg, 
demonstrating the suitability of this direct silica-coating technique for scaleup 
production. (A) TEM, (B) SEM under high magnification, and (C) SEM image under 








4.7  Silica protection of silver nanoparticles from oxidative etching 
 
Natural microbes living in geyser fields filled with abundant arsenic poison are known 
to adapt themselves to the dangerous and harsh surrounding environment by building 
a layer of silica shell for protection. Researchers have artificially synthesized silica 
shells using the Stöber method to protect metal nanoparticles from corrosive 
degradation by forming a physical barrier between the nanoparticle core and its 
immediate harmful environment (Liz Marzán et al., 1998). Hence, it is useful to study 
the effectiveness of the synthesized silica shell in protecting the encapsulated metal 
cores from corrosion and degradation under harsh surrounding environments. Citrate-
stabilized silver particles are known to be degraded and destabilized by dissolution in 
corrosive ammonia (Hunyadi et al., 2006; Han et al., 2008). This degradation process 
can however be suppressed if an impermeable silica shell built up around the particles, 
limiting access of oxidative ammonia to its silver surface. Here we investigate the 
efficacy of silica shells formed using our aqueous direct silica-coating technique in 
suppressing the oxidative etching of silver by corrosive ammonia.  
 
Experimentally, we added equal amounts of ammonia (3 wt%) into solutions 
containing equivalent amounts of bare Ag nanoparticles and Ag@SiO2. Both 
solutions were stirred continuously at 300 rpm while the absorbance intensity of the 
Ag plasmon peak was measured every minute over a 1 hour period. Both solutions 
were checked to be free of aggregates which may be induced by ammonia leading to 
sedimentation, instead of dissolution. We monitored the time-evolved dissolution of 
Ag and Ag@SiO2 by recording the peak absorbance intensity over time (Figure 4.9). 





Figure 4.9. Peak UV absorbance intensity against time for bare silver nanoparticles 
(Black) and silica coated silver nanoparticles Ag@SiO2 (Red) in ammonia (0.3 wt%), 
demonstrating the effectiveness of silica shell in suppressing the oxidative etching of 
Ag nanoparticles under corrosive conditions. 
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Bare Ag nanoparticles in ammonia 
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The results from our UV-vis measurements in Figure 4.9 show an 80% decrease in the 
absorbance intensity of bare silver nanoparticles indicating that most silver 
nanoparticles have been dissolved by ammonia within 1 hour. This is consistent with 
the observed change from a yellowish solution into a transparent solution. For silica 
coated silver nanoparticles, only a 10% decrease in absorbance intensity was observed 
and the colloidal solution remained yellowish-colored. This provides evidence that the 
SiO2 shell synthesized using our aqueous technique can effectively protect the Ag 
cores from oxidative degradation by ammonia. Furthermore, our high resolution TEM 
image (as shown earlier in Figure 4.4B) provides evidence that the shell has a 
structure with negligible porosity (although it is not totally impermeable), which 
impedes the diffusion of ammonia. In conclusion, we have shown that the silica shell 
synthesized by our aqueous technique is effective in protecting silver cores, 
suppressing the rate of its dissolution in ammonia. 
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4.8 Yolk-shell nanostructures via controlled partial dissolution 
 
Silver nanoparticles can be partially etched, albeit at a slower and controllable rate, by 
corrosive ammonia despite being protected by a layer of protective silica coating due 
to its porosity, as proven earlier in Section 4.7. Controlled partial dissolution of 
internal metal cores have resulted in formation of interesting novel architectures such 
as silica-coated “Ag nanopeapods” (Hunyadi et al., 2006) or silica-coated “yolk-shell” 
Au nanostructures (Lee et al., 2008). Lee et al. has shown the size-control of metal 
cores can have profound effects on reaction rates for catalytic application. In our 
experimental work for this section, we carefully controlled the partial etching of 
silica-coated silver cores by varying the dissolution time in order to obtain hollow 
silica nanospheres with size-tunable silver cores. This work provides useful insight to 
the silver etching mechanism and a new fabrication technique for preparing unique 
and complex core-shell architectures via controlled dissolution of the metal cores. 
 
Experimentally, we added 0.15 mL of ammonia (30 wt%) into 1.35 mL of aqueous 
Ag@SiO2 having a particle concentration of 6.6 × 1010 nanoparticles/mL.            
Figure 4.10A-C show the dissolution of silver cores for Ag@SiO2 in ammonia over  0, 
6, and 12 hours. The TEM images show the gradual dissolution of Ag over time 
resulting in partially etched Ag nanoparticles in semi-hollow core-shell nanostructures. 
In particular, Figure 4.10D shows partially etched Ag cores (residual Ag) with shapes 
that are conformal to and closely adhered to the inner surface of the silica shell. The 
residual Ag core is immobilized on the inner silica surface because of strong chemical 
bonding with inner surface thiol groups on the silica shell (Ulman et al., 1996).  




The shape of Ag residues revealed that silver dissolution process is not homogenous 
but rather, occurs preferentially; the etching starts from one preferred end and heads 
towards the opposite end, indicating that ammonia etching is an anistrophic process 
(red arrow in Figure 4.10). As the thickness and diffusional channels of the silica shell 
are uniformly distributed around the Ag nanoparticles, this anisotropic etching cannot 
be explained by an attack of ammonia through faster diffusion across the thinnest or 
most porous portion of the silica shell. Instead, the anistrophic etching of silver can be 
explained as follows. For a multi-faceted crystallographic structure of the silver 
nanoparticle, the protective citrate capping of the Ag at certain crystal faces are 
weaker than the others because the affinity of citrate ions differs for different Ag 
crystal faces (Caswell et al., 2003). For example, the binding energy of citrate to the 
Ag (111) planes was found to be 3.75 times that of the (200) planes (Kilin et al., 
2008). It has been shown that citrate ions bind more strongly to the (111) planes as 
compared to the (110) or (200) planes of noble metals (Lim et al., 2007). This is 
similar to the preferential growth of Ag nanoparticles into nanorods rather than 
nanospheres because the binding equilibrium of citrate ions at different crystal faces 
of Ag is different (Caswell et al., 2003). The shape of the residual cores closely 
matches the inner profile of the silica surface, indicating that the attack of ammonia 
starts preferentially at the weakest crystal face at one end before slowly etching its’ 
way towards the opposite end (Figure 4.10C). The TEM images show that the Ag 
cores are no freely moveable as they are unable to dislodge from the silica surface due 
to the strong chemical bonding between the silica’s thiol group and the Ag surface. 
The etched Ag core leaches out from the silica shell due to the oxidation of Ag into 
AgOH, which reacts with ammonia to form soluble Ag(NH3)2OH, diffusing out and 
leaving behind a semi-hollow yolk-shell nanostructure (Han et al., 2008).  





Figure 4.10 TEM images showing the synthesis of yolk-shell nanostructures via 
controlled anisotropic etching of Ag@SiO2 in ammonia over (A) 0 hr, (B) 6 hr, and 
(C) 12 hr, and (D) Schematic diagram of nanoparticle. Black dotted arrows indicate 
nanoparticles with anistrophically-etched Ag cores inside semi-hollow silica shells. 
Red arrow indicates the highly directional etching process. The shape of residual 
cores closely matches the inner profile of the silica shell indicating that they are 
immovable and have not been dislodged from their original positions due to strong 
bonding between silver and intrinsic thiol groups on the inner silica shell surface. 
Scale bar represents 200 nm.  
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4.9 Uniform silica-coating on dye-absorbed metal nanostructures 
 
Surface-enhanced Raman scattering (SERS) has been used to achieve ultra-high 
sensitivity detection in many bioanalytical applications (Cao et al., 2002; Grubisha et 
al., 2003). The SERS effect is attributable to the ability of metallic nanostructures to 
exhibit localized surface plasmon resonance (LSPR) under appropriate 
electromagnetic field excitation (Haynes et al., 2003; Willets et al., 2007). The LSPR 
is strongly dependent on the size and shape of the nanostructures. SERS can be 
significantly enhanced when LSPR between nanoparticles couple together, due to the 
small inter-particle distance (Xu et al., 2000, 2003; Bosnik et al., 2002; Talley et al., 
2005). Strong enhancement of the Raman effect due to LSPR for SERS-active 
molecules located on the nanoparticle surfaces’ hot spot allows for highly sensitive 
SERS detection.  
 
In this section, we develop a new universal direct silica-coating method for 
environmentally friendly production of highly sensitive SERS nanotags in aqueous 
solution. Our one-pot aqueous synthesis technique for producing SERS nanotags is 
depicted in Figure 4.11. The schematic shows the sol-gel synthesis of a uniform silica 
shell on citrate-stabilized metal nanostructures with a layer of cationic dye adsorbed 
onto the metal surface by electrostatic and hydrophobic attraction (Huang et al., 
2002). The silica-coated silver nanostructures are doped with SERS-active molecules 










Figure 4.11. A universal silica-coating method for environmental-friendly large-scale 
production of SERS-active dye-doped Ag@SiO2 or Au@SiO2 in aqueous solution. 
Steps are similar for different SERS-active molecules such as MPM, crystal violet CV 
or Rhodamine 6G R6G as dopants. 
  
Add         
R6G dye 
Add                         
pre-hydrolysed MPTMS        
and ammonia 
Citrate-stabilized 
Ag nanoparticles in 
aqueous solution  









Experimentally, Raman reporter molecules of rhodamine 6G (R6G) (100 μM, 10 μL) 
were added into 5 ml of as-prepared stock solution of silver nanoparticles under 
continuous shaking at 300 rpm for 10 minutes. Raman molecules R6G are adsorbed 
onto the silver particle surface as it is a cationic-charged hydrophobic dye (Huang et. 
al., 2009). However, particle aggregation would occur if the mixture is shaken for 
longer than 10 minutes. Subsequently, pre-hydrolyzed MPTMS solution was added to 
the mixture while under continued shaking at 300 rpm such that dye-doped silver 
nanoparticles were encapsulated in a protective silica shell (Figure 4.12). Our SEM 
and TEM results show monodispersed silver nanoparticles encapsulated in a thick 
layer of silica with an overall average size of 200 nm (Figure 4.12).  
 
Strong SERS signals were detected from the R6G-doped silica coated silver 
nanoparticles, proving that SERS nanotags have been fabricated successfully in 
aqueous solution as shown in Figure 4.13A. Figure 4.13B shows the UV-vis 
measurements at different stages of the synthesis procedure, namely bare silver 
nanoparticles, silica-coated silver nanoparticles and R6G-doped silica-coated silver 
nanoparticles. R6G-doped silica nanoparticles without any silver cores were also 
synthesized for comparison. The R6G-doped silica-coated silver nanoparticles 
displayed a small hump at 555 nm due to the strong adsorption of R6G dye, which is 
clearly absent from the dyeless silica-coated silver nanoparticle, as shown in Figure 
4.13. This R6G hump is identical to that observed in the UV-vis spectrum of R6G-
doped silica nanoparticles without any silver core. This confirms that R6G dye has 
been successfully incorporated into the silica-coated silver nanoparticles.   
 





Figure 4.12. Schematic (Top) of synthesis technique for dye-doped silica coated 
SERS nanotags. (Bottom) SEM and (Inset) TEM images of SERS-active R6G-doped 
silica-coated silver nanoparticles R6G/Ag@SiO2 of ~200 nm in diameter. Inset scale 
bar: 200 nm. 
Add aqueous 


















     
Figure 4.13. (A) SERS spectrum of R6G/Ag@SiO2 with fluorescence background 
subtracted. (B) UV absorbance spectra of (blue curve) Ag nanoparticles, (red curve) 
Ag@SiO2, (black curve) R6G+Ag@SiO2, (green curve) R6G@SiO2, and (pink curve) 
aqueous R6G.  
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4.10 SERS-active silica-coated metal nanostructures 
 
In order to show the generality of our technique in fabricating silica-coated SERS 
nanotags, we replaced R6G dye with two other SERS-active molecules, namely 
crystal violet (CV) and 2-mercaptopyrimidin (MPM) (Maria et al., 2008; Zhang et al., 
2003). Using the same synthesis procedure for R6G, we synthesized SERS nanotags 
using CV and MPM. Briefly, both water soluble CV and MPM are adsorbed onto 
silver nanoparticles first before silica coating. As CV is a cationic-charged 
hydrophobic dye, it can be easily physically adsorbed onto citrate-stabilized silver 
surface by electrostatic attraction, while MPM is adsorbed onto the silver surface by 
chemisorption via the thiol groups. Subsequently, the SERS-active silver 
nanoparticles were mixed with pre-hydrolysed MPTMS and coated with a layer of 
silica using ammonia as catalyst. The nanoparticles were washed for 3 times before 
SERS measurements were taken. The SERS spectra for both CV-doped and MPM-
doped silica coated silver nanoparticles are shown in Figure 4.14. Strong SERS 
signals unique to CV and MPM were detected from the nanoparticles.  
 
In conclusion, we have demonstrated the generality of our one-pot fabrication 
technique for producing silica–coated SERS-active nanotags by incorporating three 
different Raman-active molecules, namely R6G, CV and MPM, into silica-coated 
silver nanoparticles under aqueous conditions. The results of this work will be useful 
SERS studies and development of new synthesis techniques for Raman-based imaging.  







Figure 4.14. (A) SERS spectrum of crystal violet (CV)-doped silica-coated silver 
nanoparticles, CV/Ag@SiO2, with fluorescence background subtracted and              
(B) 2-mercapto-pyrimidine (MPM)-doped silica-coated silver nanoparticles, 
MPM/Ag@SiO2.  
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4.11 Chapter Summary 
 
In conclusion, a new one-pot fabrication technique for direct silica coating of noble 
metal nanoparticles has been developed. Core-shell metal@SiO2 nanostructures were 
synthesized in large-scale quantity in aqueous solution without any use of alchohol. 
We demonstrated the universality of the technique through direct silica-coating of 
various noble metals, Au, Ag and Pt, at room temperature. The initial growth 
mechanism of silica shell on metal surface was found to be an anisotropic process, 
owing to the differences in binding energy of citrate capping ions and/or the thiol 
affinity to different metal surface planes. Subsequent silica growth becomes uniform 
and the shell thickness can be easily controlled by varying the coating time. By 
tracking the dissolution kinetics of Ag core using ammonia as etchant, we showed that 
the silica shell is effective in protecting the Ag core by slowing down the anisotropic 
Ag etching process. Although the dissolution rate can be greatly suppressed by the 
silica shell, we demonstrated that the Ag core can still be rationally and selectively 
etched to form unique yolk-shell nanostructures with an adjustable core-size by 
simply varying the etching time. The ammonia etching was found to be highly 
directional, resulting in immobile residual Ag cores which remain attached to the 
inner surface of the silica shell. Our novel approach offers a simple one-pot “silica-
coating & selective-etching” method for a water-based fabrication of yolk-shell 
structures with a tunable metal core-size, which render them as promising candidates 
for potential homogenous catalytic reactions (see future work). Lastly, our direct 
silica-coating technique was also extended to producing silica-coated dye-doped 
metal nanoparticles for an environmentally friendly mass-fabrication of SERS-active 
nanotags in aqueous solution. The universality of this one-pot synthesis technique was 
further demonstrated using three commonly available Raman tags.   
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5.6 Chapter Summary 







Metal@oxide core-shell nanostructures are gaining importance due to the 
combination of different properties into a single structure (Liz-Marzán et al., 1996; 
Guerrero-Martinez et al., 2010; Liu et al., 2010; Liu et al., 2011). The synergistic 
effect of various oxide shells and metal cores (e.g., Ag, Au, Pd, Pt) brings about new 
functionalities for sensing (Liu et al., 2005; Liu et al., 2005; Liu et al., 2007; Xue et 
al., 2007; Ohnuma et al., 2009), surface-enhanced Raman scattering (Doering et 
al.,2003; Sha et al., 2008; Roca et al., 2008), and catalytic applications (Lee et al., 
2008; Deng et al., 2010; Joo et al., 2009; Zhou et al., 2010; Cargnello et al., 2010; Liu 
et al., 2010). Over the years, there has been much progress in the synthesis of 
Au@oxide, for example silicon oxide (Obare et al., 2001; Lu et al., 2002; Graf et al., 
2003; Zhang et al., 2008; Zeng et al., 2010), titanium oxide (Mayya et al., 2001; Tom 
et al., 2003; Yu et al., 2003), manganese oxide (Schladt et al., 2010), iron oxide (Shi 
et al., 2006), cobalt oxide (Kim et al., 2010), copper oxide (Kuo et al., 2009), tin 
oxide (Oldfield et al., 2000), cerium oxide (Zhou et al., 2010; Cargnello et al., 2010), 
which is a representative class of core-shell nanostructures. The oxide shells act as 
physical barriers to protect the Au cores from aggregation (Liz-Marzán et al., 1996; 
Guerrero-Martinez et al., 2010; Liu et al., 2010; Liu et al., 2011). Concentric 
Au@oxide nanostructures - with a uniform oxide shell on all sides of the Au core - 
have been widely synthesized (Liz-Marzán et al., 1996; Guerrero-Martinez et al., 
2010; Liu et al., 2010; Liu et al., 2011).  
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In this work, we have designed and synthesized eccentrically-shaped Au@TiO2 
nanostructures, which consist of a thinner TiO2 shell on one side of the Au core and a 
thicker shell on the opposite side. While the thinner shell provides a shorter diffusion 
pathway for reactants to reach the Au core, the thicker shell endows the nanostructure 
with long-term stability against dissolution and aggregation (Liu et al., 2010; Zhang et 
al., 2008). It was found that the eccentric Au@TiO2 nanostructures were very stable 
as catalysts in the reduction of 4-nitrophenol by sodium borohydride, which allowed 
them to be reactivated and reused over multiple cycles while maintaining their 
catalytic activity.  
 








HAuCl4.3H2O (99.9+%), sodium citrate dihydrate (99+%), hydroxypropyl cellulose 
(Mw = 370,000), titanium diisopropoxide bis(acetylacetonate) (75 wt% in isopropanol) 
and 4-nitrophenol (99%) were purchased from Aldrich. Silver nitrate (99.8+%) and 
sodium borohydride (99%) were purchased from Acros Organics. Isopropanol (VLSI 
Puranal 250) and ammonia (25 wt%) were purchased from Honeywell. Deionized 





Seeded growth of 50-nm Au nanoparticles. First, 15-nm Au nanoparticles were 
prepared by injecting a sodium citrate solution (5 mL, 1 wt%) into a boiling HAuCl4 
solution (50 mL, 1 mM) under vigorous magnetic stirring. Heating was continued for 
15 min before the mixed solution was allowed to cool to ambient temperature. The 
15-nm Au nanoparticles were then filtered using a filtering unit (PTFE, 1.0 μm), and 
the purified Au nanoparticles were used as seeds for seeded growth of 50-nm Au 
nanoparticles. Experimentally, the 15-nm Au seeds (2.25 mL) together with a sodium 
citrate solution (1.12 mL, 1 wt%) were injected into a boiling HAuCl4 solution (250 
mL, 0.3 mM) under vigorous magnetic stirring. After boiling for 30 min, heat was 
removed and 10 mL of aqueous hydroxypropyl cellulose solution (0.5 wt%) was 
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added followed by continuous stirring overnight. The as-synthesized 50-nm Au 
nanoparticles were then filtered using a filter paper prior to use for TiO2 coating.  
 
Growth of TiO2 shells onto 50-nm Au nanoparticles. Typically, the filtered 50-nm-
sized Au nanoparticles (50 mL) was mixed with isopropanol (200 mL) and ammonia 
(6.25 mL, 25 wt%) using vortex. Titanium diisopropoxide bis(acetylacetonate) in 
isopropanol (10 mM) was then added and the solution was left to shake overnight at 
200 rpm using a Heidolph Unimax 2010 Shaker. For the synthesis of Au@TiO2 (5/25) 
and Au@TiO2 (5/125) nanostructures, a total of 12 mL and 36 mL of the titanium 
alkoxide precursor was added respectively, in 3 mL portions at an interval of 1 h each. 
After washing with isopropanol 3 times, the as-purified Au@TiO2 nanostructures 
were redispersed into 50 mL of deionized water for characterization.  
 
Characterization techniques. UV-visible spectra were taken with a Shimadzu UV-
3150 spectrophotometer. Transmission electron microscopy (TEM) images were 
recorded using a JEOL 1010 TEM operating at an accelerating voltage of 100 kV. 
High resolution TEM images were recorded using a Philips CM 300 FEGTEM 
operating at an accelerating voltage of 300 kV. Raman measurements were performed 
on a Renishaw inVia Raman microscope with an excitation wavelength of 785 nm. 
The maximum laser power was 135 mW and the exposure time was 10 s.  




5.3  Anisotropic synthesis of eccentric titania-coated metal 
nanostructures 
 
Experimentally, 50-nm Au nanoparticles were first prepared by seeded growth via the 
reduction of HAuCl4 using sodium citrate (Figure 5.2A) (Liu et al., 2005). Next, 
hydroxypropyl cellulose (0.5 wt%, Mw = 370,000) was added with overnight stirring, 
allowing the Au nanoparticles to be stably transferred into alcoholic solvents without 
aggregation. A less reactive precursor, titanium diisopropoxide bis(acetylacetonate), 
was used for sol-gel coating of TiO2 onto the Au cores. In comparison with 
conventional precursors such as titanium tetrabutoxide (Mayya et al., 2001), this 
precursor has a much slower hydrolysis rate, which helps to separate nucleation and 
growth of TiO2 for controlled synthesis of uniform Au@TiO2 nanostructures.  
 
Transmission electron microscopy (TEM) images in Figure 5.2B and C show the 
eccentric Au@TiO2 nanostructures. The thicknesses (in nm) of the thinner and thicker 
sides of the TiO2 shells are denoted by t1 and t2, respectively (Figure 5.2D inset). For 
both the Au@TiO2 nanostructures, t1 was found to be comparable (~5 nm) (Figure 
5.2B and C insets). By increasing the amount of sol-gel precursor added, t2 can be 
tuned from 25 to 125 nm (Figure 5.2B and C). In this work, the Au@TiO2 
nanostructures are referred to as Au@TiO2 (t1/t2) (Figure 5.2D inset). By looking at 
both the thinner and thicker sides of the TiO2 shells, we can see that the Au cores are 
completely encapsulated. The surface plasmon resonance peaks of the Au@TiO2 
nanostructures showed obvious red-shifts in response to increasing shell thickness 
(Figure 5.2D), caused by the larger refractive index of TiO2 encapsulating the Au 
cores (Mayya et al., 2001; Tom et al., 2003; Yu et al., 2003). 







Figure 5.1. Simple and high-yield synthesis of eccentric Au@TiO2. Citrate-stabilized Au 
nanoparticles (Au NPs) are first surface-stabilized using hydroxypropyl cellulose (HPC) 
in aqueous solution and then transferred into isopropanol solvent for titania sol-gel 
coating process using titanium-diisopropoxide-bis(acetylacetonate) as TiO2 precursor and 
ammonia as catalyst.  








Add HPC to Au NPs 
in aqueous solution 
 
Transfer Au nanoparticles              
into IPA solvent     
              
Then add ammonia and                
titania precursor 





Figure 5.2. (A-C) TEM images of (A) 50-nm Au cores, (B) Au@TiO2 (5/25) and (C) 
Au@TiO2 (5/125) nanostructures. The thinner sides of the TiO2 shells are shown 
(insets) for (B) and (C). Scale bars of inset = 5 nm. (D) UV-visible absorption spectra 
and schematic (inset) of 50-nm Au cores, Au@TiO2 (5/25) and Au@TiO2 (5/125) 
nanostructures, showing red-shifts in the surface plasmon resonance peaks of the Au 
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High resolution TEM (HRTEM) was used to probe the interface between Au and 
TiO2 at various regions (Figure 5.3A). Regions i and ii refer to the thicker side of the 
TiO2 shell while region iii refers to the thinner side (Figure 5.3A). The thicker side of 
the TiO2 shell showed regions of short-range order with lattice fringes of 0.35 nm, 
consistent with the (101) planes of anatase TiO2 (Figure 5.3B and C). Our analysis of 
thirty interfaces shows that the majority of these (101) planes aligned with the (110) 
and (200) planes of Au at the thicker side of the TiO2 shell (Figure 5.3B and C). On 
the other hand, the thinner side of the TiO2 shell is amorphous without alignment of 
Au and TiO2 planes (Figure 5.3D). Based on these observations, we propose a 
mechanism for the anisotropic growth of eccentric core-shell structures involving 
base-catalyzed hydrolysis of titanium alkoxide precursor and further plane-selective 
condensation of TiO2 onto citrate-capped Au cores. It is reported that citrate ions bind 
more strongly to the (111) planes as compared to the (110) or (200) planes of noble 
metals (Lim et al., 2007; Kilin et al., 2008). For example, the binding energy of citrate 
to the Ag (111) planes was found to be 3.75 times that of the (200) planes (Kilin et al., 
2008). The hydrolyzed titanium alkoxide precursor can displace weakly-bound citrate 
ions on the (110) and (200) planes more easily so as to form thicker, polycrystalline 
TiO2 shells directly on the Au cores. On the other hand, strongly-bound citrate ions on 
the (111) planes are less easily displaced and only thin, amorphous TiO2 shells are 
formed on the Au cores, leading to the eccentric core-shell structure. The Ag 
nanoparticles were synthesized following the method of (Liu et al. 2005) and the 
procedure for TiO2 coating was the same as that of Au nanoparticles as described 
above. The growth of TiO2 on the Ag cores was found to be anisotropic as well, 
forming eccentric Ag@TiO2 nanostructures as shown in Figure 5.4. 






Figure 5.3. (A) TEM image of an eccentric Au@TiO2 (5/125) nanostructure, showing 
the locations of regions i-iii. (B-C) HRTEM images of the thicker side of the TiO2 
shell in (B) region i and (C) region ii. (D) HRTEM image of the thinner side of the 
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Figure 5.4. TEM images of eccentric Ag@TiO2 nanostructure, made up of 40-nm Ag 












5.4  Catalytic effect of titania-coated metal nanostructures 
 
The Au@TiO2 nanostructures were used as catalysts in the reduction of 4-nitrophenol 
by sodium borohydride. First, the optical density of all the catalysts was standardized 
to 1.0, which corresponds to a concentration of ~5.0 × 1010 particles/mL. The 
catalysts (10 mL) were then added to sodium borohydride solution (10 mL, 1.2 M). 
After 10 min of magnetic stirring, 4-nitrophenol solution (10 mL, 3.4 mM) was added. 
At every 5 min interval, a 100 μL aliquot of the reaction mixture was extracted, 
diluted to 2 mL (56.7 μM 4-nitrophenol, 20 mM sodium borohydride) and analyzed 
using UV-visible spectroscopy. As the reaction progressed, the characteristic 
absorption peak of 4-nitrophenol at 400 nm decreased in intensity, indicating the 
conversion to 4-aminophenol.  
 
For UV-visible analysis, the concentration of 4-nitrophenol at the start of the 
experiments was 56.7 μM, corresponding to an absorbance value of 1.0 for 
experimental convenience, which lies in the linear regime of the absorbance as a 
function of concentration curve for 4-nitrophenol (Figure 5.5). As 4-nitrophenol was 
degraded with time, all subsequent absorbance values were less than 1.0, which 
implies that the conditions of Beer-Lambert Law were fulfilled at all times. This 
justifies the use of the absorbance value at 400 nm as an accurate means of measuring 
the concentration of 4-nitrophenol as the reaction progressed. For all experiments, the 
percentage conversion of 4-nitrophenol was calculated at the end of 20 min. 




           
Figure 5.5. The absorbance vs. concentration curve of 4-nitrophenol (in a 20 mM 
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To demonstrate the catalytic effect of the eccentric core-shell nanostructures, 
Au@TiO2 (5/125) were used in the catalytic reduction of 4-nitrophenol by sodium 
borohydride (Lee et al., 2008; Deng et al., 2010). The absorption intensity of 4-
nitrophenol at 400 nm decreased quickly with time (Figure 5.6A and B), accompanied 
by the appearance of the peak of 4-aminophenol at 300 nm (Figure 5.6A), indicating 
successful conversion of 4-nitrophenol to 4-aminophenol (Lee et al., 2008; Deng et al., 
2010). As the Au cores are fully encapsulated by TiO2 shells, 4-nitrophenol needs to 
reach the Au cores for catalytic reaction by diffusing through the shells. This indicates 
that the shells are porous in nature, in accordance with the results of previous work 
(Ung et al., 1998; Pastoriza-Santos et al., 2006; Chen et al., 2010). In comparison, 4-
nitrophenol was not reduced even after a period of 24 h in the absence of Au@TiO2 
catalysts. This confirms the effectiveness of the eccentric Au@TiO2 nanostructures as 
nanocatalysts.  
  




Figure 5.6. Catalytic reduction of 4-nitrophenol into 4-aminophenol by sodium 
borohydride using Au@TiO2 (5/125) nanostructures. (A) Time-dependent evolution 
of UV-visible absorption spectra. The reaction is essentially complete at 20 min. (B) 
The conversion of 4-nitrophenol as a function of reaction time during 20 min. (C) The 
conversion of 4-nitrophenol as a function of cycles, showing the effect of citrate 
treatment after every cycle. (D) Raman spectra of the catalysts after the second cycle 













































































 After the second cycle of use
 Upon citrate treatment
 (D) 
(A) 



















   0 min









5.5 Recyclability of catalytic activity of titania-coated metal 
nanostructures 
 
To investigate recyclability of the catalysts, the Au@TiO2 (5/125) nanostructures 
were subject to five cycles of use. Without citrate treatment, there was a noticeable 
reduction in their catalytic activity after the second cycle of use, and a loss of ~50% 
after the fifth cycle of use (Figure 5.6C). With citrate treatment after each cycle, their 
catalytic activity was recovered (Figure 5.6C) with only a slight decrease. To probe 
the underlying reason, surface-enhanced Raman scattering was used to examine the 
surface of the inhibited Au@TiO2 catalysts. The Raman spectrum in Figure 5.6D 
confirmed the presence of molecules adsorbed onto the Au cores of the catalysts after 
the second cycle of use. Upon citrate treatment, however, the Raman peaks 
disappeared (Figure 5.6D), indicating successful displacement of the surface-adsorbed 
molecules. This also shows that the Raman peaks are not those of surface-adsorbed 
citrate ions but those of 4-nitrophenol and 4-aminophenol.  
 
As amino groups have a strong affinity to Au surfaces (Liz-Marzán et al., 1996; 
Guerrero-Martinez et al., 2010; Liu et al., 2010; Liu et al., 2011), the catalytic 
reduction product, 4-aminophenol, can directly adsorb onto the Au cores at the 
Au/TiO2 interface. This can block the reactant, 4-nitrophenol, from approaching the 
Au surface, thus causing a reduction in catalytic activity (Wen et al., 2011).  
 
To reactivate the used catalysts, the reaction mixture (30 mL containing 10 mL of 
catalysts) was boiled with sodium citrate solution (30 mL, 1 wt%) for 1 h at the end of 
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each cycle. The solution turned brown due to discoloration of the reaction product, 4-
aminophenol. The catalysts were then recovered by centrifugation at 4000 rpm and 
redispersed into deionized water (10 mL) to prepare them for the next cycle. The 
Au@TiO2 (5/25) and Au@TiO2 (5/125) catalysts were each subject to a total of 5 
cycles of reuse. 50-nm bare Au nanoparticles were also used as catalysts for 
comparison purposes. 
 
Upon citrate treatment, the disappearance of the Raman peaks indicates that citrate 
ions diffused through the TiO2 shell to displace 4-aminophenol from the Au surface, 
thus restoring the original surface of the Au cores. The resulting Au@TiO2 (5/125) 
catalysts that were reactivated by citrate treatment almost maintained their original 
catalytic activity after five cycles of use (Figure 5.6C). A similar result was observed 
for the Au@TiO2 (5/25) catalysts (Figure 5.7). 
 
Diffusional pathways. To elucidate the diffusion pathway of 4-nitrophenol in the 
eccentric nanostructures, we compared the catalytic activities of the Au@TiO2 (5/25) 
and Au@TiO2 (5/125), which have similar thickness of TiO2 at their thinner side. Our 
results show that the two structures catalyzed the reduction of 4-nitrophenol into 4-
aminophenol at comparable conversion rates (Figure 5.8A). This indicates that the 
two structures offer comparable diffusion pathways for 4-nitrophenol to reach the Au 
cores. Since there is a big difference in shell thickness on the thicker side (25 vs. 125 
nm), we can tell that 4-nitrophenol diffused predominantly through the thinner side of 
the TiO2 shells (~5 nm for both structures) (Figure 5.8B and C). 







Figure 5.7. Conversion of 4-nitrophenol as a function of cycles using Au@TiO2 (5/25) 
catalysts, showing the effect of citrate treatment after every cycle. 
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Figure 5.8. (A) The conversion of 4-nitrophenol as a function of reaction time using 
both Au@TiO2 (5/25) and Au@TiO2 (5/125) catalysts. Schematic to explain the 
proposed diffusion pathway of the reactant, 4-nitrophenol (4-NP) and the product, 4-
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The protective TiO2 shells render the Au@TiO2 nanostructures dispersible and stable 
against aggregation, enabling the catalysts to be reactivated and reused over five 
cycles with no obvious reduction in activity (Figure 5.9). Their UV-visible absorption 
spectra maintained the same shape after five cycles of use (Figure 5.10), indicating no 
aggregation of the Au cores. There was also no change in the morphology and 
distribution of the Au@TiO2 catalysts, as evidenced by TEM (Figure 5.10). Due to 
high dispersibility of the nanostructures, the Au@TiO2 catalysts are suitable for 
homogeneous catalysis, while Au/TiO2 nanocomposites (Au supported on TiO2) are 
commonly used in heterogeneous catalysis (Haruta et al., 2001; Schubert et al., 2001). 
On the other hand, for 50-nm bare Au nanoparticles without any TiO2 coating, the 
catalytic activity started to decrease after the first cycle of use and was reduced to a 
very low level after five cycles of use (Figure 5.9). This was caused by irreversible 
aggregation of the Au nanoparticles (Figure 5.11).  
 
The Au@TiO2 catalysts  synthesized using our high-yield technique (as shown in 
large-scale quantity in Figure 5.12) were also found to degrade 4-nitrophenol at a 
faster rate in the presence of UV irradiation (Figure 5.13) due to the photocatalytic 
properties of the TiO2 shells. The conversion of 4-nitrophenol as a function of 
reaction time, shows the increase in conversion rate using Au@TiO2 catalysts under 
solar illumination (Figure 5.13A). The conversion of 4-nitrophenol as a function of 
cycles using the catalysts under solar illumination, showing that the catalysts can be 
reactivated and reused with no obvious loss of catalytic activity after five cycles.  A 
Newport 96000 150 W Solar Simulator was used at a power of 150 W for solar 
illumination and the experiments were carried out in a constant temperature water 
bath kept at ambient temperature of 24 oC to avoid any heating effect (Figure 5.13B).  




Figure 5.9. TEM images and UV-visible absorption spectra of (a) Au@TiO2 (5/25) 
and (b) Au@TiO2 (5/125) catalysts before and after five cycles of use. Scale bars = 
100 nm. 
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Figure 5.10. The conversion of 4-nitrophenol as a function of cycles using Au@TiO2 








































Figure 5.11. The 50-nm bare Au nanoparticles subject to five cycles of reuse: (A) 
UV-visible spectra changes before and after five cycles of reuse, showing the drastic 
drop in the plasmon resonance peak of Au at 542 nm and the appearance of a broad 
peak at 790 nm, indicating aggregation of the Au nanoparticles. (B-C) TEM images of 
Au nanoparticles, (B) before, and (C) after five cycles of reuse, showing aggregation 
of the nanoparticles. (D) HRTEM image of Au nanoparticles after five cycles of 
reuse. The image shows linking of the lattices of aggregated nanoparticles, indicating 
irreversible aggregation. 
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Figure 5.12. (A) SEM image of eccentric Au@TiO2 catalysts prepared using our 
high-yield synthesis technique. (B) Same image under high magnification.   
(A) 
(B) 
 _____________________________________________________________Chapter 5 
_____________________________________________________________________ 
199 
      
Figure 5.13. Au@TiO2 catalysts under solar illumination (as a source of UV 
radiation). (A) The conversion of 4-nitrophenol as a function of reaction time, 
showing the increase in conversion rate using Au@TiO2 catalysts under solar 
illumination. This can be ascribed to the photogeneration of excited electrons in TiO2 
which accelerates the reduction process. (B) The fifth cycle of use is shown. 
(A) 
































































5.6  Chapter Summary 
 
In conclusion, we have developed a high-yield synthetic technique to prepare 
eccentric Au@TiO2 nanostructures, which consist of a thinner TiO2 shell on one side 
of the Au core and a thicker shell on the opposite side. A “green”, inexpensive and 
water-soluble polysaccharide, hydroxypropyl cellulose, is used as a surface-capping 
agent to surface-stabilize metal nanoparticles for transfer into isopropanol for 
subsequent titania-coating. For titania shell coating, a less reactive precursor, titanium 
diisopropoxide bis(acetylacetonate), with a slower hydrolysis rate compared to other 
conventional precursors, is used in order to reduce secondary nucleation of free titania 
nanoparticles and promote shell-growth of TiO2 for controlled high-yield fabrication 
of eccentric metal@TiO2 nanostructures. We proposed the titania growth mechanism 
for the anisotropic growth of the eccentric core-shell structures to involve an initial 
base-catalyzed hydrolysis of the titanium alkoxide precursor and then followed by a 
plane-selective condensation of TiO2 onto citrate-capped Au cores. The technique was 
shown to be applicable for silver nanoparticles as well. These eccentric metal-oxide 
hybrid nanostructures were shown to have a strong catalytic effect on the reductive 
conversion of 4-nitrophenol to 4-aminophenol. The eccentric core-shell structure 
allows faster diffusional access to the metal surface by the reactants via the thinner 
shell while the thicker shell ensures its high dispersibility. The recyclability of the 
nanostructures for repeated catalytic reactions was demonstrated by reactivating them 
in citrate solution to remove surface blockage caused by the resulting 4-aminophenol 
product.  Lastly, these reusable Au@TiO2 nanocatalysts were shown to exhibit strong 
photocatalytic effect under UV irradiation. This work also provides us with insight for 
the development of other robust catalysts with unique morphologies in the future. 
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Recent advances in the research studies on metal-oxide hybrid nanostructures have 
attracted great attention because of their novel luminescent, plasmonic, catalytic and 
biosensing applications (Lu et al., 2002, Aslan et al., 2007; Wu et al., 2009). In 
particular, metal-core/oxide-shell hybrid nanostructures with well-defined core-shell 
architectures have been extensively synthesized and characterized due to their unique 
structural properties, multi-functionalities, ease-of-preparation and enhanced colloidal 
stability (Liu et al., 2010; Selvan et al., 2009). In order to solve problems related to 
the development of synthesis techniques for preparing high quality core-shell 
nanostructures, it is crucial to have a reliable subsurface imaging technique for 
characterizing the internal core-shell architecture as well as for detecting synthetic 
artifacts; such as identifying free coreless particles or multi-core clusters embedded 
inside an oxide shell. However, there is a lack of an easy and rapid large-scale 
subsurface imaging technique for visualization of core-shell nanostructures; 
particularly, for silicon oxide nanostructures embedded with metal nanoparticle cores.  
 
Due to the diffraction limit for visible light, optical microscopy cannot be used to 
visualize metal@oxide nanostructures of nanoscale dimensions. Therefore, electron-
based microscopy, which uses illumination sources with a shorter electron wavelength, 
is commonly used to image metal@oxide nanostructures. In particular, scanning 
electron microscopy (SEM) has been widely used for surface scanning nanostructures 
while transmission electron microscopy (TEM) has been widely used to probe their 
internal core-shell structures.  
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However, a key disadvantage of using TEM imaging for internal core-shell structures 
is that the sample preparation process is tedious and time-consuming. Great skill and 
precision are required to ensure the sample is prepared in a very thin form. For 
example, preparation of a monolayer of nanoparticles covering a large area (tens of 
μm2) without any multiple stacking layers by drop-coating and overnight-drying on 
carbon-coated copper grids is a very difficult task, requiring great skills and luck. 
Furthermore, TEM has a much narrower field of view than SEM, which limits vision 
and image capture of samples (Li et al., 2008). In addition, TEM requires bulky and 
costly equipment with high voltage demands of between 80 to 300 kV and 
sophisticated beam focusing optics (Boyes et al., 1998; Liu et al., 2000). The high 
energy electron beam can inflict irreversible radiation damage on samples. In view of 
the severe drawbacks of TEM, the development of a new imaging technique for 
analyzing the internal structure of metal@oxide nanostructures is highly desirable.  
 
On the other hand, SEM offers several advantages over TEM. Owing to its simpler 
and faster sample preparation, SEM can be utilized as a simple and fast imaging tool 
for quick visual scanning of metal@oxide nanostructures. SEM provides a wider 
field-of-view, which facilitates large-quantity analysis of nanostructures (Li 2008 et 
al.; Carl et al., 2011). SEM is also more affordable due to its less stringent 
requirements, such as lower acceleration voltage (5-30 kV) and simpler focusing 
optics. Portable bench-top SEM machines of the size of desktop personal computers 
are commercially available, making it an easily accessible imaging tool (Khursheed et 
al., 2006). Hence, in a large-scale industrial production environment, where samples 
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need to be analyzed in large numbers for quick yield-analysis of metal@oxide 
nanoparticles, SEM is a more practical and affordable option, compared to TEM.  
 
In this chapter, we introduce a new subsurface imaging technique based on SEM 
operating in the secondary electron (SE) mode for visualizing the internal core-shell 
structure of metal@oxide nanoparticles. The advantages of this new technique include 
its simple and fast sample preparation and the high contrast visibility of embedded 
subsurface features. The use of SEM enables us to visualize in large numbers hidden 
metal nanostructures buried under thick oxide shells, enabling rapid screening of 
metal@oxide nanostructures. In addition, we show that this technique is highly 
versatile in that it offers the flexibility to select between surface and subsurface 
imaging of metal@oxide nanostructures through the simple manipulation of the 
sample’s (1) surface coating, (2) the acceleration voltage or, (3) the substrate cavity.  
 
In order to elucidate the contrast mechanism behind internal core-shell imaging in this 
new technique, we investigate (1) the effect of different electron signal sources which 
contribute to internal core-shell image formation, (2) the effect of surface coating on 
metal@oxide nanostructures, (3) the effect of various conductive substrates, (4) the 
effect of varying acceleration voltages and, (5) the effect of substrate cavity on core-
shell visibility. Furthermore, we show that Monte Carlo-based SEM simulations can 
be used to accurately predict and reproduce our experimental results on subsurface 
imaging hidden nanostructures. Lastly, we demonstrate the use of this imaging 
technique for potential biosensing application.  
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This subsurface imaging technique is expected to provide a tool which is useful for 
visual analysis and extraction of important structural properties of core-shell 
nanostructures such as particle size and morphology, metrology of embedded 
nanostructures, external shell thickness, and core-shell symmetry, as well as for 
carrying out large scale yield-analysis of new synthetic techniques for core-shell 
nanostructures. This chapter aims to establish the subsurface imaging technique as a 
simple and versatile tool for characterizing core-shell nanostructures.  
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Tetrachloroauric acid trihydrate (HAuCl4.3H2O, 99.995%), sodium citrate dihydrate 
(Na3C6H5O7.2H2O, 99%,), and 3-(mercaptopropyl)trimethoxysilane (MPTMS, 95%) 
were from Sigma-Aldrich. Ammonia (30 wt%) was from AR, Mallinckrodt and 
ethanol (99%) was from Honeywell. ITO- and gold-coated glass substrates were 
purchased from Sigma-Aldrich. Gold sputtering was carried out with JEOL JFC-1200 
Fine Coater. Carbon-coating was carried out by carbon evaporation with Emitech 
K950X Carbon Evaporator. Deionized water (Millipore, Milli-Q grade) was used in 
all experiments. All chemicals were used as received.  
 
6.2.2  Methods 
 
Synthesis of silica-coated gold nanoparticles in aqueous solution. In this work, 50-
nm gold nanoparticles were synthesized by the seeded growth of 13-nm gold 
nanoparticles as described in a previous study (Liu et al., 2005). Briefly, to synthesize 
Au@SiO2 nanoparticles, 10 μL of MPTMS was added into 5 mL of the as-prepared 
50 nm gold nanoparticles in a 50 mL polypropylene tube. After the mixture was 
shaken for 30 min, oil droplets disappeared, and 20 μL of 30 wt% ammonia was 
added. After shaking 6 hrs for silica coating, 20 mL of ethanol was added to quench 
the hydrolysis/condensation reaction. The Au@SiO2 nanoparticles were washed by 3 
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rounds of centrifugation/dispersion with ethanol and water and finally redispersed in 
deionized water (5 mg/mL).  
 
Fabrication of cylindrical cavity on glass substrates. Gold-coated glass slides were 
washed with ethanol and dried under nitrogen flow before mounting onto the sample 
stage of the FEI XP 200 focused-ion-beam (FIB) system which uses Ga-ion source for 
high resolution ion patterning. On bare glass and gold-coated glass slides, cavities of 
1 or 2-m in diameter and ~500 nm depth were milled at a current of 70 pA and 
voltage of 20 kV under 15,000× magnification. After the cavity holes were milled, the 
substrates were rinsed with water and ethanol before use. 
 
Subsurface imaging of silica-coated and titania-coated gold nanoparticles. The 
gold, ITO-coated glass substrates were rinsed with water and ethanol before use and 
dried under nitrogen gas. Carbon substrates were used after 6000 milliseconds of 
carbon coating. Nanoparticle samples (10 μL) were drop-coated onto the conductive 
substrates and dried under room temperature before secondary electron (SE) imaging. 
Substrates were fixed onto the SEM mount using adhesive aluminum tape. SE images 
were taken with JEOL 6360 SEM using a tungsten hairpin type filament under a high 
vacuum (gun column at 10-6 torr; Specimen chamber at 10-5 torr). For studying the 
effect of different electron contributions, FEI NanoSEM using a field emission 
cathode equipped with Everhart-Thornley detector (ETD), through-the-lens detector 
(TLD) and backscattered electron detector (BSE-D) were used. The magnification, 
acceleration voltage and focusing were adjusted while brightness and contrast 
remained unchanged between experiments. The SE intensity was obtained by 
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measuring the brightness of the SEM image in four locations, namely the metal core, 
silica shell, silica outer edge, substrate background using image processing tool 
“ImageJ” (downloadable from http://rsbweb.nih.gov/ij/).  
 
Surface-functionalization. Biotin-labeled silica nanoparticles of diameter size 200 
nm (concentration 5 mg/mL) were obtained from Invitrogen and used as-is. To 
prepare streptavidin-labeled Au@SiO2, streptavidin (2 mg/mL) in PBS buffer was 
maleimide-activated with sulfo-SMCC (0.052 mg) at room temperature for 60 
minutes according to previous reports (Hylarides et al., 2001). Then, maleimide-active 
streptavidin (50 μL) was added to as-synthesized Au@SiO2 (300 μL) and shaken for 
another 60 mins. Unreacted streptavidin was removed by centrifugation and 
redispersed back into 1 mL PBS buffer. Lastly, 100 uL of biotin-labeled SiO2 
nanoparticles were mixed with Au@SiO2 for 15 mins in 1 mL of PBS and drop-
coated onto carbon substrate for SEM imaging.   
 
Monte Carlo simulation. Monte Carlo simulation software CASINO was used to 
investigate the PE penetration depth and backscattered coefficient of bulk materials 
for gold, ITO and carbon (Drouin et al., 1997). The computation uses Kanaya-
Okayama equation for PE penetration depth, Mott theory for elastic scattering cross-
section of BSE and the semi-empirical model for electron stopping powers from Joy 
and Luo (Drouin et al., 2007). Electron trajectories were simulated using 5,000 
electrons for each material to ensure accuracy. The electron beam width used was 10 
nm and the acceleration voltage was varied from 6, 15, to 24 kV according to Ong et 
al. (2007).  
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A three-dimensional Monte Carlo (MC) simulation software “Chariot” was used to 
simulate the secondary electron intensity contours, line profiles and SEM images of 
3D core-shell nanostructures. The MC simulation software modeled the elastic 
electron scattering using the Rutherford equation, inelastic energy loss by Bethe 
formula, processes of inner shell ionizations by Gryzinski model, outer-shell 
ionizations by Moeller formula and plasmon generation and decay (for exact formulas, 
please refer to Drouin et al., 2007 and Babin et al., 2006 and references therein). The 
beam width used was 10 nm, the acceleration voltage was 5 and 15 kV, and the 
number of electrons used was 5000, for accuracy (Ong et al., 2007). The simulated 
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6.3  Subsurface imaging of silica-coated and titania-coated metal 
nanostructures  
 
In this section, we describe a new simple and versatile imaging technique for imaging 
both surface and subsurface nanostructures of core-shell nanoparticles using the SEM, 
not achievable using conventional TEM. Our primary focus is to establish the use of 
secondary electron-based SEM imaging for large-scale imaging and characterization 
of subsurface metal nanostructures embedded inside oxide shells, which is closely 
aligned with the topic of this thesis on synthesis and characterization of metal-oxide 
hybrid nanostructures. 
 
Typically, the preparation of both samples for subsurface imaging took only 10 
minutes, and was done by drop-coating onto a carbon-coated glass slide and drying 
the samples. The advantage of this simple preparation is clear, when compared to 
TEM sample preparation, as TEM requires numerous futile attempts (frequently 
resulting in failure) in getting a large micron-sized area of a monolayer of 
nanoparticles by overnight-drying on copper grid. As no conductive coating was 
necessary for subsurface imaging, our sample preparation was made even simpler. 
 
Tomographic imaging of both surface and subsurface structure of gold nanoparticles 
embedded inside silicon oxide shells Au@SiO2 is shown in Figure 6.1A. A clear 
transition from surface imaging to subsurface imaging mode can be carried out simply 
by increasing the electron acceleration voltage. This versatile surface-to-subsurface 
dual-imaging mode of SEM-based subsurface imaging is not achievable using TEM.  




Figure 6.1. (A) Surface and subsurface SE images of silica-coated gold 
nanostructures taken by adjusting the acceleration voltages from 6, 10, to 16 kV (left 
to right), (B) subsurface image taken in large-scale quantity. (C) Subsurface SE image 
of eccentric titania-coated gold nanostructures (left) in large quantity, and (right) 
image under high magnification.  
(B)  
Surface topography Internal structure Increase kV 
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The subsurface imaging results of large numbers of gold nanoparticles embedded 
inside silicon-oxide shells and titanium-oxide shells are shown in Figure 6.1B and C 
respectively. The subsurface images (Figure 6.1C) revealed that Au@TiO2 
nanoparticles are made up of an eccentric core-shell structure, with a thin TiO2 shell 
on one side and a thick shell on the other. The large field-of-view (micro-sized) image 
enables us to make a quick and simple yield-analysis of our new synthetic routes, thus 
confirming the high-yield production of Au@SiO2 and Au@TiO2. 
 
To understand the mechanism behind subsurface-imaging, it is known that in SEM 
there are two main kinds of image-forming electron signals which are produced by the 
primary source electron beam (PE), namely the backscattered electrons (BSE) and 
secondary electrons (SE) as depicted in Figure 6.2. BSE originates from primary 
electrons (PE) which collide and undergo elastic-scattering within the specimen 
material. These BSE are high energy electrons with energies ranging from 50 eV to as 
high as that of the primary electrons. Due to their high energies, BSE generated 
deeply within the specimen can escape to reach the electron detector. On the other 
hand, secondary electrons (SE) are weakly scattered electrons; they are produced from 
electrons knocked out of the valence-shell of the specimen atomic material by random 
collisions with the PE or BSE. Only those electrons generated near the surface have 
sufficient energy to escape from the specimen, while most of the SE produced inside 
the specimen are re-adsorbed and lost. Thus, SE signals are near-surface signals, 
made up of weak electrons with low energies (E < 50 eV) and its yield depends on the 
material and the topography of the specimen (Seiler et al., 1983).  
 







Figure 6.2. Schematic depicting the interaction volume between SEM’s primary 
electron beam and specimen, the penetration depth of primary electrons (PE), the 
generation of both secondary electrons (SE) and backscattered electrons (BSE). Only 
SE near the specimen surface can escape into the vacuum, while those deep inside the 
specimen are re-adsorbed. BSE can escape from deep inside the specimen.   
 
 
Interaction volume between 
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In previous studies, SEM imaging using backscattered electrons (BSE) to image 
embedded platinum nanostructures in mesoporous silica matrix was reported (Endo et 
al., 2009). However, there are several known limitations associated with BSE imaging 
of subsurface structures (Buhr et al., 2009; Rau et al., 2001; Niedrig et al., 1998). For 
example, BSE signals are made up of highly energized scattered electrons which 
originate from either shallow, intermediate or deep regions of the sample. Therefore, 
the BSE image is composed of signals coming all three regions. As the BSE image is 
formed as an integral of the entire depth information, usually over a micrometer range 
(Buhr et al., 2009), it is impossible to separate the visual information of near-surface 
structures from the deep-lying structures in a BSE image (Niedrig et al., 1998). Due to 
the substantial depth information collected, the BSE image often contains unnecessary 
signals that convolute and obscure the desired signals emitted from the topmost 
sample layer, resulting in poor image contrast and low spatial resolution (Buhr et al., 
2009). Consequently, unwanted substrate noise and overlapping signals from 
underlying sample layers superimpose onto useful signals coming from the desired 
topmost layer, impairing image visibility and contaminating useful compositional 
information (Rau et al., 2001).  
 
On the other hand, there are very few studies on subsurface imaging of core-shell 
nanostructures based on secondary electron (SE) imaging. SE signals which originate 
from weakly scattered electrons, are generated within a much shallower depth from 
the sample surface, compared to BSE (Seiler et al., 1983). Only SE produced at near-
surface depths of ~5 nm for metals and ~75 nm for insulators can escape to the SE 
detector, while deeper SE are mostly adsorbed by the sample (Seiler et al., 1983).  
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Thus, the SE imaging technique has a much shorter “probing” depth (or shorter 
“depth” imaging) in the range of tens of nanometers, compared to BSE imaging. This 
“shallow penetrating” property of SE can be effectively utilized to visualize only the 
topmost layer, even when the specimen is prepared thick and multilayered, without 
giving any interference problems by undesired signals coming from deep sample 
regions. Therefore, using SE imaging technique to visualize subsurface features of 
core-shell nanostructures presents a more effective analytical technique, because 
signal noise/contamination coming from deep underlying sample layers (similar to 
those encountered in BSE imaging) will be eliminated. At the same time, the time-
consuming and tedious preparation process of thin monolayer samples often 
experienced in TEM sample preparation can be avoided.  
 
In the following sections, we will systematically investigate the subsurface imaging 
mechanism by examining the different electron contributions, the different factors 
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6.4 Systematic study of subsurface imaging mechanism 
 
6.4.1 Effect of different electron contributions 
 
In this section, we investigate the type of electron that contributes to the formation of 
subsurface SE images by using two commonly available secondary electron detectors, 
namely the Everhart-Thornley detector (ETD) and the “through-the-lens” detector 
(TLD). Figure 6.3 shows the schematic of a SEM equipped with a laterally-mounted 
ETD and a TLD that is mounted above the objective lens, which were both used for 
capturing the subsurface images shown in Figure 6.4.  
 
The ETD signal originates from the SE produced by both PE and BSE colliding with 
the sample material, which are termed SE1 or SE2 respectively (Figure 6.3). Another 
source of the ETD signal comes from BSE collisions with the chamber walls and the 
bottom of the focusing lens, which are termed as SE3. In addition, BSE within the 
line-of-sight of the ETD can also enter the detector and contribute to the overall ETD 
signal. Our objective is to investigate the electron contributions of each component, 
forming the ETD signal represented by the following equation (Goldstein et al., 2003):  
 
 ETD Signal = SE1 + SE2 + SE3 + BSE1                                             (Equation 6.1) 
 
where SE1 represents SE directly produced by PE at the sample, SE2 represents BSE-
produced SE at the sample, SE3 represents BSE-produced SE at the chamber-wall, 
and BSE1 represents direct line-of-sight BSE detected by ETD. On the other hand, the 
TLD can only detect SE which are generated at the sample along the optic axis and 
can easily spiral up the lens bore under the chamber’s magnetic field. 




Figure 6.3. Schematic showing the mounting positions of Everhart-Thornley detector 
ETD and through-the-lens detector TLD. TLD is positioned above the objective lens 
whereas ETD is laterally mounted next to the sample. SE1 and SE2 represent 
secondary electrons which were emitted directly from the sample and spiral up the 
optical axis to TLD. SE3 represents secondary electrons emitted from chamber walls. 
BSE represents backscattered electrons emitted from the sample and detected by ETD. 









Primary electron Chamber 
Wall 
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To investigate the effect of different electron contributions to the subsurface image, it 
is necessary to separate “true” SE signals, namely the SE1 and SE2 emitted directly 
from the sample, by eliminating the unwanted SE3 produced at the chamber walls and 
the direct line-of-sight BSE signals entering into the ETD (Seiler et al., 1983). We 
make use of a TLD detector which is capable of separating the unwanted SE3 and 
BSE from the “true” SE signals. Firstly, the TLD is positive biased at +20 V to 
examine SE1, SE2, SE3 and BSE signal contributions to elucidate the sub-surface 
image formation mechanism. The results in Figure 6.4 (middle-column images) show 
that internal core-shell structures can be visualized clearly at high acceleration 
voltages of 9 kV and 15 kV, whereas surface topography can be visualized at 2 kV 
voltage. The electron images can be ascribed to SE1, SE2 and BSE contributions, as it 
is known that TLD excludes signals from SE3 because they are generated too far 
away from the vertical optic axis at the chamber walls and cannot be channeled up the 
narrow lens bore to reach the detector, as shown in the schematics of Figure 6.3 
(Goldstein et al., 2003). Next, to examine the signal contribution of BSE signals to 
our images, the TLD is put under a negative bias of -50 V which would repel all weak 
SE electrons (max 50 eV) and detect only the high energy BSE that pass through. Our 
results in Figure 6.4 (right column images) show near-zero BSE signal intensities 
recorded by TLD. This confirmed that BSE do not contribute to core-shell images 
taken by TLD as shown in Figure 6.4 (middle column images). This can be explained 
by the fact that BSE which were not aligned with the optic axis would be blocked by 
the chamber lens, while those BSE traveling up the lens bore were too energetic to be 
attracted into the TLD (Goldstein et al., 2003). These images indicate that BSE’s 
contribution to our core-shell subsurface images is insignificant. Thus, based our 
results using TLD, we can conclude that SE1 and SE2 form the main electron 
contributors to the subsurface imaging mechanism.  






Figure 6.4. Electron contributions by SE1, SE2, SE3 and BSE signals to subsurface 
images of silica-coated gold nanoparticles. (Left column images) SEM images taken 
using Everhart-Thornley detector ETD, capable of detecting SE1, SE2, SE3 and BSE 
signals. (Middle column images) “Through-the-lens” detector TLD biased at +20 V, 
capable of detecting SE1, SE2 and BSE signals, but not SE3 signals. (Right column 
images) TLD biased at -50 V for rejecting SE signals and detecting BSE signals. All 
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Most SEMs are more commonly equipped with an ETD detector, unlike a rarely 
available TLD detector. To understand the subsurface imaging mechanism of metal-
oxide nanostructures using ETD, we examined the resulting images taken using the 
ETD with that of TLD as shown Figure 6.4 (left column), and both results are 
compared to clarify the subsurface imaging mechanism of ETD. Such result 
comparison is reasonable because both detectors share similar physics principle of 
secondary-electron detection and physical construction. The only significant 
difference is their physical mounting positions. The ETD and TLD results on 
subsurface imaging are found to be identical (as seen in Figure 6.4) and the 
tomographic transition from surface (at 2 kV) to subsurface imaging (9 and 15 kV) 
modes for both ETD and TLD is also the same. These identical results for core-shell 
images and similar tomographic trend are not surprising because it indicates that SE1 
and SE2 (electrons emitted directly from the sample) forms the major contributors for 
subsurface images taken using ETD, similar to the TLD. However, the slightly less 
sharp images found in ETD images can be ascribed to the presence of SE3 and BSE 
signals as noise contamination (Seiler, 1983), which TLD effectively excludes, and 
this is attributable to the different physical mounting positions of the detectors, which 
also results in minor differences in signal intensities and image brightness.  
 
Hence, based on the comparative results obtained by ETD and TLD, the subsurface 
imaging mechanism of ETD is attributed to the true SE signals, namely SE1 and SE2, 
emitted directly from the sample, while there are insignificant contributions from SE3 
and BSE, which exist as noise. As ETD detectors are more commonly available in 
commercial SEMs, our following experiments will be done based on ETD. 
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6.4.2 Effect of conductive surface-coating 
 
SEM has been commonly used for surface imaging of nanostructures (Chou et al., 
2007; Claessona et al., 2007; Nakamura et al., 2007; Ye et al., 2008). In surface 
imaging of non-conductive nanostructures, it is a common practice to sputter a thin   
~5 nm layer of gold surface-coating to improve sample conductivity and prevent 
surface-charging artifacts (Deborah et al., 1995). In this section, we will examine the 
influence of surface-coating on subsurface imaging and its core-shell visibility. 
 
For both surface-coated (control) and non-surface-coated (experiment) samples, we 
used silica-coated gold nanoparticles of diameter ~200 nm. To prepare surface-coated 
core-shell nanoparticles, our nanoparticles were first drop-coated and dried on a glass 
substrate with air, followed by sputtering a thin ~5 nm layer of gold coating on top.  
 
Figure 6.5A and B shows the schematic and SEM image of ~200 nm diameter spheres 
with spherical surface topography. Since SE are basically weak electrons (< 50 eV), 
only electrons near to the surface can overcome the surface barrier and escape into 
vacuum to the detector (Seiler et al., 1983; Ishitani et al., 2010). As the maximum SE 
escape depth for metals is reported to be ~5 nm (Seiler et al., 1983), the SEM image 
Figure 6.5B represents a direct observation of the surface metal layer coated onto the 










Figure 6.5. SEM images of core-shell nanoparticles with 50-nm gold core encapsulated 
with ~85 nm thick silica shell with (A) schematic of particles coated with thin layer of 
gold coating, (B) its corresponding SEM image, (C) schematic of coating-free particles, 








Figure 6.6. TEM micrograph of 50-nm sized gold nanoparticles used for preparing 
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Figure 6.5B and D show the comparison between surface- and non-surface-coated 
metal@oxide nanostructures respectively. The internal core-shell structure of every 
particle is clearly observable. The internal gold core shows a very bright contrast to 
the surrounding silica shell which is dimmer. The core appears at the sphere’s centre, 
confirming the presence of an embedded core, and the concentric core-shell structure. 
The core image is measured to be ~50 nm which is in good agreement with our TEM 
results (Figure 6.6) while the average particle diameter was ~200 nm, similar to that 
of surface-coated sample (Figure 6.5B). Most particles can be seen with single cores. 
A visual count showed 3 coreless particles and 3 dimer-core particles, out of 51 
particles. Particles with trimer-cores or more were not found. The individual particle 
boundaries were well-defined and particle-particle can be easily distinguished. The 
particles have a spherical morphology, and their arrangement is disordered, made up 
of 2 or more layers. From above observations, it is clear that subsurface imaging can 
be used as a powerful imaging tool for visual checking, quick yield-analysis and 
characterization of the surface morphology, internal core-shell structure, and inner 
spatial arrangement of core-shell architecture for metal-oxide hybrid nanoparticles.  
 
In conclusion, we find that subsurface nanofeatures can be observed on non-surface-
coated samples on conductive substrates, but not on gold surface-coated samples. 
Non-surface-coated samples revealed a clearly visible internal core-shell structure as 
shown in Figure 6.5B, as opposed to the usual surface topography of coated samples 
as shown in Figure 6.5D. Clearly, the absence/presence of surface-coating plays a 
major role in subsurface imaging of hidden nanostructures. This tomographic imaging 
technique, via manipulation of the surface-coating, is simple and useful for future 
research and characterization of embedded subsurface nanofeatures of metal@oxide 
nanostructures with complex core-shell architectures.  
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6.4.3 Effect of different substrates 
 
Charging of non-conductive samples can often lead to charging artifacts such as 
intense image brightness, image streaking, drifting and defocusing, which are 
observed even at a low acceleration voltage of 5 kV (Thong et al., 1995, Deborah et 
al., 1998). However, subsurface imaging of non-conductive samples can be performed 
using a conductive substrate, without any surface charging problems (as was seen in 
Figure 6.5D in the previous section). This observation led us to investigate the 
influence of different conductive substrates on subsurface imaging.  
 
We examine four different substrates, namely bare glass and glass coated with carbon, 
ITO and gold, as shown in Figure 6.7A-D. Gold, ITO and carbon were chosen 
because they are commonly used and readily available conductive materials for 
substrates, covering a wide mean atomic number range (with increasing atomic 
number ZC = 6, ZITO = 24.4 and ZAu = 79). All our SE images were taken at 15 kV 
(except for bare glass at 5 kV due to severe charging) at the same magnification while 
brightness and contrast settings remained unchanged.   
 
Figure 6.7 shows the subsurface imaging of core-shell particles drop-coated on gold, 
ITO, and carbon-coated glass substrates. As expected, severe charging problems were 
observed for bare non-conductive glass substrates (Figure 6.7A). The background 
intensity appeared brightest with gold substrate (Figure 6.7B), followed by ITO 
substrate (Figure 6.7C), and the least bright with carbon substrate (Figure 6.7D).  
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For subsurface imaging, it is important to select a conductive substrate with the lowest 
background intensity because excessive background noise will dominate and lower 
the visibility contrast of the sample. Based on the brightness intensity of four different 
substrates shown in Figure 6.7, we found that the background signal increases with 
increasing atomic number of the substrate material, in agreement with work by 
Ishitani et al. (2010). Among the four different substrates tested, carbon substrate 
showed the lowest background intensity. Clearly, carbon presents the best candidate 
substrate for subsurface imaging due to its low background noise and conductivity. 
Hence, our following experiments will be carried out using carbon substrate. 




   
 
Figure 6.7.  SEM images of core-shell nanoparticles on different substrate materials: (A) 
non-conductive glass taken at acceleration voltage 5 kV, (B) gold-coated glass, (C) 
ITO-coated glass and, (D) carbon-coated glass taken at acceleration voltage 15 kV. 
Dotted circle indicates the background intensity. Scale bar represents 200 nm for all 
images.  
Glass 
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6.4.4 Effect of electron voltage 
 
(i)  SE intensity profile under different electron voltages 
 
The penetration depth of PE is strongly dependent on electron voltage (Kanaya et al., 
1972), and penetrating electrons can reach the hidden metallic nanofeatures embedded 
inside oxide nanostructures by increasing electron voltage. In this section, we 
investigate the effect of changing electron voltage on subsurface imaging by 
examining their 3D surface intensity profiles and optimizing the core-shell visibility.  
 
Briefly, core-shell nanoparticles were drop-coated onto carbon-coated glass and dried 
before SEM imaging. The acceleration voltage was varied between 6-27 kV and 
magnification between 30,000-180,000 while brightness and contrast settings were 
kept unchanged. The SE surface intensity profile was obtained by plotting the SEM 
image in 3D format (where horizontal XY represents the physical dimensional axis, 
vertical Z represents the SE intensity) using image analysis software ImageJ. 
 
The physical morphology of a nanostructure (such as surface relief and physical 
curvature) can be interpreted by converting its 2D SEM image into a 3D surface 
intensity profile (Jacob et al., 2009). Figure 6.8A shows the 2D SEM images of single 
nanoparticles under different voltage acceleration and magnification, and Figure 6.8 
B,C,D show the corresponding 3D surface intensity profiles for three of the 
acceleration voltages. For instance, the first column of Figure 6.8A shows the 2D 
surface topography of nanoparticles imaged at 6 kV under 180,000× magnification.  




Figure 6.8. (A) SEM images of core-shell nanoparticles under different acceleration 
voltage and magnification, showing a gradual tomographic transition from surface 
topographic imaging to subsurface imaging of internal core-shell structure with 
increasing voltage. Brightness and contrast settings are kept unchanged. (B-D) 
Corresponding three-dimensional SE intensity profile of core-shell nanoparticles for 
voltages 6, 15 and 24 kV. Scale bar = 500 nm (1st row), 200 nm (2nd - 3rd row), and 
100 nm (4th - 6th row).  
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The core-shell nanoparticle appears circular with uniform brightness at 6 kV in Figure 
6.8A. Figure 6.8B shows the corresponding 3D surface intensity profile for the same 
2D image. The 3D intensity profile reveals a rounded dome-shaped surface 
morphology which is directly related the spherical surface relief and circular 
curvature of the upper half of the sphere. This provides evidence that the external 
surface topography of the particles is being visualized at a low voltage of 6 kV. 
 
As the voltage is increased above 9 kV, the 2D image (Figure 6.8A) and 3D intensity 
profile (Figure 6.8C and D) of the nanoparticle changes drastically – we shall explain 
the nanofeatures that we see. In Figure 6.8A, above 9 kV, the 2D images reveal a tiny 
bright nano-sized dot inside a circular ring. The 3D profiles at 15 kV and 24 kV 
(Figure 6.8C and D) shows a bright circular ring with a tall sharp cone in the imaged 
centre. What this image tells us is that the bright dot and the tall cone at the centre 
reveals the presence of an embedded metal core hidden in the centre of the oxide 
particle, while the circular ring outlines the particle’s boundary, which is 
extraordinarily bright due to the commonly known “edge effect” (Seiler et al., 1983; 
Deborah et al., 1995; Nakagaki et al., 2010). This is not seen at low voltage of 6 kV. 
The “edge effect” is explained in Figure 6.9, whereby more SE are emitted from the 
steep side-surface than flat top-surface of a sphere due to the greater overlap between 
the SE escapable region (indicated as purple-colored ring in Figure 6.9) and the 
source beam’s interaction volume with the sample (indicated by an orange dotted line 
cloud). The benefit of having an edge contrast is that provides an easily 
distinguishable outline between particle-particle and particle-background which is 
useful for applications such as nanoparticle-screening or for digital particle counting.  
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In conclusion, we found that secondary electron-based SEM imaging switches from 
surface-imaging mode (at low voltage of 6 kV) to subsurface-imaging mode (above 9 
and 15 kV) as evident from Figure 6.8A, demonstrating a tomographic image 
transition from surface-topography to subsurface-structure. Hidden subsurface 
nanofeatures can be revealed by simply tuning the SEM acceleration voltage. 
Subsequent analysis of metal-oxide nanostructures with core-shell architectures were 
performed using 3D intensity profiling which is used to map out the surface-relief and 
surface-curvature of metal@oxide nanostructures using surface-imaging mode (at low 
voltage), and the cross-sectional profile of hidden nanostructures using subsurface-
imaging mode (high voltage) as shown in Figure 6.8 B-D. This technique was also 
used to image eccentrically-shaped core-shell nanostructures using this technique (as 
shown in Figure 6.2B). We anticipate that this versatile dual-imaging technique will 
be useful for future study and characterization of metal-core/oxide-shell hybrid 
nanostructures with different symmetrical or asymmetrical architectures embedded 
with hidden cores, such as nanorods, nanostars, nanocubes, nanohelix and so on. 





Figure 6.9. Schematic showing the well-known “edge-effect” of a core-shell 
nanostructure resulting in bright circular edges in images of nanoparticles. The edge 
effect refer to the strong SE signal emission due to the greater overlap between PE 
interaction/scattering volume and SE escape region, resulting in (A) greater SE 
escaping from a steep vertical side, as opposed to (B) a horizontally flat top surface at 
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(ii)  Optimizing accelerating voltage to maximize core-shell visibility  
 
The quality of subsurface image is influenced by several key structural components: 
the core, shell, edge and background. The image formation mechanism is affected by 
the physical characteristics of each individual component and its behavior towards the 
illuminating electron source. To better understand the imaging mechanism, we 
quantitatively examined the SE intensity behaviors of the individual components, 
namely the core, shell, edge and background, under increasing acceleration voltage 
(see Figure 6.10A). Understanding the components’ behaviors allows us to elucidate 
the optimal conditions for SE imaging of core-shell nanostructures. 
 
Edge and background intensity. Figure 6.10D and E show that both the 
nanoparticle’s edge intensity and the background intensity of our carbon substrate 
increase almost linearly as acceleration voltage is increased. Comparing Figure 6.10D 
and E, the particle’s edge intensity was consistently ~50% brighter than background 
noise. Although the background noise gets stronger, the edge outline allows easy 
identification and clear visualization of the sphere. Interestingly, the signal intensity 
coming from the edge also becomes stronger with increasingly high voltages, despite 
the fact that the scattering of PE shifts away from the nanoparticle and occurs deeper 
inside the substrate when the electron energy is increased. We can conclude that the 
effect of increasing background noise due to increasing voltage will not diminish the 
clarity of the nanoparticle because the edge intensity grows brighter correspondingly.   
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Figure 6.10. (A) Schematic of a core-shell nanostructure and its major intensity 
components: core, shell, edge and background (inset: SEM image). Effect of increasing 
acceleration voltage on (B) core intensity, (C) shell intensity, (D) substrate background, 
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Core & Shell intensity. Figure 6.10B shows that the inner core’s SE intensity 
remained constantly flat at ~150 a.u. under increasing electron energies from 9 to 27 
kV. The hidden core appears exceptionally bright throughout the range of voltages 
tested. The flatness of the core’s SE signal is ascribe to the saturation of electron 
scattering inside nano-sized metallic nanoparticle, which puts an upper limit to the 
overall emissible SE yield. This behavior is very different from bulk materials which 
show a consistent increase in SE intensity with increasing voltage as shown in Figure 
6.10D. Nano-sized metallic particles, unlike bulk materials, can easily saturate the SE 
yield as evidenced by our results (Figure 6.10B). This is in good agreement with the 
simulation results by Ding et al. (2005).  
 
On the other hand, Figure 6.10C shows that the silica shell intensity was initially high 
at 140 a.u. but rapidly decreases by as much as 40% to 100 a.u. as voltage was 
increased to 15 kV and above. This is ascribed to the fact that less SE are produced at 
high voltages because highly energetic PE can penetrate through and bypass the silica 
shell. The electrons scatter deep inside the underlying substrate, as opposed to 
scattering mostly at the silica shell at lower voltages (Ishitani et al., 2010; Endo et al., 
2010), resulting in a decrease in shell intensity. For acceleration voltages above 9 kV, 
the core intensity was consistently 50% brighter than shell intensity. This provides a 
large contrast difference between the core and shell, allowing easy and clear 
visualization of the hidden core. 
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Core visibility. In Figure 6.10F, we plotted the contrast difference between the core 
and shell against electron voltage (by taking the difference between core and shell 
intensities). This difference value gives an indication of the core’s ease-of-visibility, 
where a large value indicates higher contrast visibility of the core. Our results show 
the highest visibility of the hidden core is achieved at an optimum value at 15 kV and 
then it decreases. This provides experimental evidence on the existence of an 
optimum voltage for SE imaging of heterogeneous nanostructures, which is consistent 
with simulation reports (Ding et al., 2005). 
 
In conclusion to this section, we find that the SE intensity behavior is closely related 
to the physical properties of the nanostructure’s size, mass density and surface 
curvature. Our experiments confirmed that there exists an optimum voltage for ideal 
subsurface imaging of heterogeneous nanostructures, which in our case occurs at 15 
kV. Based on our individual component analysis, the intensity of the electron signals 
exhibits a strong material-dependency and size-dependency (Ding et al., 2005; Endo 
et al., 2010), which results in an excellent subsurface imaging mechanism for hybrid 
metal@oxide nanostructures with hidden metal core structures.  
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6.4.5 Effect of substrate cavity  
 
Subsurface imaging can also be affected by structural variations of the underlying 
substrate. Here we investigate the effect on core-shell visibility of nanoparticles 
deposited inside micron-sized cavities introduced into different substrates via FIB.  
 
Bare glass substrates (with vs. without cavity). Figure 6.11A shows that, for bare 
glass, the particles appeared as intense bright dots due to severe charging effects. For 
cavity-on-glass substrate, surface topography can be imaged without charging 
problems (Figure 6.11B). This absence of charging could be due to the improved 
conductivity caused by the positive doping by implanted gallium ions during FIB 
milling (Cazaux et al., 2004). No subsurface features can be seen, which is probably 
due to a negative field build-up which slows down the incident PE, preventing them 
from reaching the core (Cazaux et al., 2004).  
 
Gold-coated substrate (with vs. without cavity). Figure 6.11C and D show the 
subsurface imaging of nanoparticles deposited on gold-coated-glass substrate, and 
inside the cavity-on-gold-coated-glass substrate, respectively. Compared to the former, 
the latter’s subsurface features have a clearer visibility due to lower background 
intensity inside the cavity. Similarly in Figure 6.11E, particles inside the cavity have 
subsurface features with higher contrast for the same reason, as opposed to particles 
outside the cavity.  The high contrast is further accentuated by their line intensity 
profiles, as shown in Figure 6.11F.  
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Bare glass substrate vs. gold-coated glass substrate (both milled with cavity). 
Comparing the results of cavity-in-bare-glass substrate (Figure 6.11B) with cavity-in-
gold-coated-glass substrate (Figure 6.11D), the presence of a gold layer around the 
cavity played a key role in enabling subsurface imaging. This is probably due to the 
better conductivity owing to the gold layer, which prevents any negative charge build-
up by evacuating excess electrons to the ground. This allows incident PE to penetrate 
to the embedded core to generate strong SE signals (Cazaux et al., 2004). 
 
In conclusion, we find that glass substrates with cavity can be used for surface 
imaging nanostructures without charging effects, while gold-coated-glass substrates 
with cavity can be used for subsurface imaging of metal@oxide nanostructures. 
Subsurface features of core-shell nanostructures have better contrast and higher 
visibility inside the cavity than outside the cavity, due to lower background signal.   
 
  




Figure 6.11. SEM images and schematic drawings of core-shell nanoparticles on 
glass substrate (A) and in 1-m cavity on glass substrate (B). SEM images and 
schematic drawings of core-shell nanoparticles on gold-coated glass substrate (C) and 
in 1-m cavity on gold-coated glass substrate (D). (E) SEM image of core-shell 
nanoparticles in 2-m cavity on gold-coated glass substrate. (F) Line intensity profile 
across a core-shell nanoparticle (blue) outside and (red) inside the 2-m cavity. 
Acceleration voltages are 5kV for A, 10 kV for B, C, D and 15 kV for E. 
1 μm cavity 
 
 
(A) Au@SiO2 on glass substrate 
(B) Au@SiO2 in glass cavity 
1 μm cavity 
 
 
(C) Au@SiO2 on Au-coated glass substrate 
(D) Au@SiO2 in Au-coated glass cavity 
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6.5 Simulation analysis of subsurface imaging 
 
The use of Monte-Carlo simulation for modeling SEM images has been reported 
(Ding et al., 2005, Liu et al., 2000). Such simulation results are valuable in predicting 
and understanding the contrast mechanism of hidden subsurface nanofeatures. In this 
section, we carry out three-dimensional Monte Carlo simulation to model surface and 
subsurface SEM images of core-shell nanostructures at different electron voltage. 
 
A Monte-Carlo simulation software “Chariot” was used to simulate electron scattering 
in complex 3D geometries such as core-shell nanostructures. Chariot can be used for 
simulation analysis of electron beam lithography and signal formation in scanning 
electron microscopy with high accuracy. The Chariot model involves generation of 
secondary electrons, as well as generation of volume plasmons, and electron transfer 
between layers with regard to the difference between work functions of layers (Babin 
et al., 2006). The simulation involves advanced physics of electron scattering, 
especially at low electron energies below 50 keV (Babin et al., 2006). 
 
We have simulated the line profiles, SE intensity contours and SEM images for a 
three-dimensional model of a silica-coated gold nanoparticle of 200 nm diameter with 
a 50 nm gold core using acceleration voltages 5 and 15 kV as shown in Figure 6.12. 
The simulated area was 120 x 30 pixels, with a beam size of 10 nm, and 
measurements were made using a simplified detector which collects all secondary 
electrons emitted.  
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Figure 6.12A.i shows the simulated SEM images of our core-shell nanostructure, 
which matches closely with our experimental SEM images in Figure 6.8. Figure 
6.12A.ii and iii shows the 2D SE intensity profile and line intensity profile at a low 
voltage of 5 kV respectively. The simulated results support our experimental results, 
that the embedded core is not visible at such a low voltage.  
 
At a high voltage of 15 kV, the calculated line profile (Figure 6.12B.iii) is in good 
agreement with our corresponding experimental result, shown in Figure 6.11F.  The 
SEM image (Figure 6.12B.i) shows that a hidden core of 50 nm diameter size, and the 
bright circular edge around the nanoparticle of 200 nm diameter are clearly visible, 
with good dimensional accuracy.  
 
Thus, in this section, we showed that it is possible to use Monte-Carlo simulation to 
reproduce our subsurface imaging experiments with high accuracy. The simulation 
results were found to corroborate with our experimental results in Figure 6.8 and 6.11. 
Therefore, we expect that the combination of SEM subsurface imaging and 3D 
Monte-Carlo simulation will be useful for future understanding of subsurface image 
formation, size metrology of hidden subsurface nanofeatures and nanostructural 










Figure 6.12. Monte Carlo-based 3D simulation results of the (i) SEM images, (ii) the 
SE signal intensity contours, and (iii) SE line profiles, for a silica-coated gold 
nanostructure of 200 nm diameter, embedded with a 50 nm gold core. Electron 
acceleration voltages used were (A) 5 kV and (B) 15 kV. 
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6.6  Potential biosensing application  
 
 
Particle agglutination assays are based upon the premise that antibody or antigen 
coated particles are agglutinated in the presence of the complementary soluble antigen 
or antibody. These assays are typically straightforward to administer and provide fast 
response times. Present techniques for measuring agglutination include turbidimetry, 
dynamic light scattering and UV-vis spectroscopy (Chunara et al., 2007). However, 
these techniques cannot be used for quantifying small aggregates such as particle 
dimers and trimers. More importantly, these techniques cannot be used to differentiate 
between labeled (single or multi-cored) and non-labeled (coreless) nanoparticles. 
 
Here, we proposed the use of SEM subsurface imaging to quantify small aggregates 
(particle dimers, trimers etc) that are produced during the initial stages of particle 
agglutination. The key advantage is that it can allow for a reduction of the required 
incubation times, unlike the long hours required for incubation using visual inspection. 
In addition, we demonstrate that subsurface imaging can be used to differentiate 
between labeled and non-labeled core-shell particles, and particles with different 
embedded core-labeling schemes are promising candidates for multiplexed 
agglutination assays for bioapplications. The preliminary concept of subsurface 
imaging in particle agglutination assays uses different core-labeling schemes based on 
coreless, single-cored or multi-cored silica particles. Figure 6.13A and B show the 
schematics and SEM images of possible core-labeling schemes for silica spheres. 




Figure 6.13. (A) Possible conceptual core-labeling schemes using (i) single core-
multicore, (ii) blank core-multicore, and (iii) single core-single core (iii) 
nanostructures for potential multiplex sensing applications. (B) The corresponding 
SEM images (i), (ii) and (iii) representing the possible core-labeling schemes. (C) 
SEM digital counting of positive binding events (circled in white) between biotin-
labeled coreless silica particles and streptavidin-labeled single cored silica particles.  
(iii) (ii) (i) (A) 
(i) (ii) (iii) (B) 
(C) 
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We illustrate the pilot test of using subsurface imaging for quantifying particle 
agglutination in Figure 6.13C. Our preliminary test uses biotin-labeled coreless silica 
spheres and streptavidin-functionalized single-cored silica particles at low 
concentrations to form small aggregates. The strong affinity between streptavidin and 
biotin results in the formation of dimerized particles (cored particles bound with 
coreless particles) which allows us to visually identify successful protein binding 
interactions. Figure 6.13C illustrate the concept of SEM counting of successful 
binding interactions between biotin-labeled coreless silica spheres and streptavidin-
labeled core-shell nanoparticles. Our test shows that dimers formed between cored 
and coreless particles, resulting in 11 successful binding events which are circled in 
red. There were 22 spheres which participated in binding interactions, out of the total 
83 particles counted within the SEM image.   
 
The reliability and reproducibility of the results of this preliminary testing are being 
further improved while control experiments are in progress. Nevertheless, we have 
demonstrated that the SEM-based quantification of particle agglutination using core-
shell labeling technique is indeed feasible and shown that subsurface imaging can be 
used as a powerful tool for potential biosensing applications and nanoparticle 
characterization. We intend to apply this biosensing technique towards multiplex 
biosensing applications using different labeling schemes (Figure 6.1A) and SEM 
digital particle-counting in our future work. 
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6.7 Chapter Summary 
 
In this study, we developed a new subsurface imaging technique for characterizing 
core-shell hybrid nanostructures using secondary-electron-based SEM imaging. This 
technique was used to visualize hidden metal core structures embedded within oxide 
nanostructures, as well as to characterize subsurface nanofeatures and interior core-
shell architectures. Unlike TEM imaging, the technique requires only simple and fast 
preparation steps of drop-coating and drying specimens onto conductive substrates. In 
addition, the large field-of-view of SEM images enables samples to be analyzed in 
large numbers for quick yield-analysis of core-shell nanostructures in a large-scale 
production environment, which is not possible using TEM. Furthermore, we have 
studied the subsurface imaging mechanism by comparing results from both ETD and 
TLD secondary electron detectors, and found that the subsurface images are made up 
of true SE signals, namely SE1 and SE2 signals, originating directly from the sample, 
while SE3 and BSE signals do not contribute to the subsurface image, except as noise. 
We showed that this technique can be flexibly tuned to visualize either the surface 
topography or subsurface structure of core-shell nanoparticles by manipulating the (1) 
surface coating, (2) substrate type, (3) acceleration voltage, and (4) substrate cavity. 
In addition, we demonstrated that microcavities patterned onto gold-coated glass 
substrate can improve the core-shell visibility of metal-oxide nanostructures. Monte-
Carlo simulations of models of core-shell nanostructures were also performed and 
their close agreement to our experimentally obtained images, further affirms our 
understanding of the imaging mechanism.  
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Lastly, a preliminary application of this subsurface imaging technique in the detection 
of agglutinated particles, differentiated by different core-labeling schemes, for 
potential biosensing was also presented.  
 
This new subsurface imaging technique will be useful for large-scale quick analysis 
and easy extraction of subsurface information (such as symmetry and structure of 
interior core-shell architecture, shape and size of embedded metal core, thickness of 
oxide shell and so on) of metal-oxide hybrid nanostructures, which is crucial in an 
industrial mass-production environment. Also, this technique is simple and 
convenient for future research studies and characterization of metal@oxide 
nanostructures with complex core-shell architectures such as nanorods, nanostars, 
nanocubes, nanohelix metallic cores and so on. 
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7.1  Introduction 
 
Metal nanostructures are known to allow light to interact with free electrons, therefore 
causing electrons to oscillate collectively. The collective oscillations of free electrons, 
commonly known as surface plasmons, have resulted in demonstrations of enhanced 
optical transmission or EOT (Ebessen et al., 1998 and 2007), collimation of light 
through a subwavelength aperture (Lezec et al., 2002), negative permeability and 
refraction at visible wavelengths (Grigorenko et al., 2005; Dolling et al., 2006), and 
second-harmonic generation from magnetic metamaterials (Klein et al., 2006). 
Nanostructures which display these surface plasmon resonance phenomena typically 
consist of a metal thin film perforated with ordered arrays of holes with sizes in the 
order of nanoscale dimensions, which can be used for highly sensitive plasmonic 
sensing (Henzie et al., 2007). A nanohole in a metal thin film actually exhibits a 
localized resonant scattering spectrum that is qualitatively similar and complementary 
to a nanoparticle of approximately the same dimensions; such resonance can also be 
assigned to localized surface plasmon resonance (LSPR) effect (Parsons et al., 2009). 
Similar to colloidal nanoparticles, this LSPR optical effect is highly sensitive to the 
refractive index of the local medium surrounding the nanohole (Stark et al., 2005). 
The LSPR sensitivity of a metal nanostructure can measured by taking the spectral 
shifts in transmission peak wavelength as a function of refractive index changes of the 
local medium when the sensor is immersed in different liquids (Capean et al., 2009). 
The key advantages of hole-array LSPR sensors over conventional SPR based sensors 
are (1) the elimination of a bulky prism, (2) simpler light coupling instrumentation,   
(3) use of smaller reagent volumes, (4) higher sensitivity, and (5) easier integration, 
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miniaturization and multiplexing (Brolo et al., 2004; Stark et al., 2005; Lesuffluer et 
al., 2007). However, one key obstacle faced by nanostructured hole-array plasmonic 
sensors is the lack of simple fabrication techniques that are suitable for large-scale 
and low-cost production. In addition, the lack of tunability in the sensitivity of these 
LSPR sensors calls for the development of new fabrication techniques enabling the 
precise control of the sensing performance of these hole-array nanostructures.  
 
Here we describe a novel two-step “print & etch” fabrication technique for preparing 
plasmonic sensors made up of metal-oxide hybrid nanostructures with tunablity in 
sensing changes in refractive-index (RI) with high sensing-performance (defined as 
actual-to-theoretical sensitivity ratio). The fabrication technique creates “pot-hole” 
concavity structure underneath every gold nanohole, which enables us to optimize and 
tune RI sensitivity (which is typically measured by the extent of shift in peak 
wavelength per change in one unit of refractive index, RIU). Our gold nanohole-
cavity structures have high optical sensitivities (420 nm/RIU) which exceed those of 
gold nanoparticles (66.5 nm/RIU), nanoshells (328 nm/RIU) and nanorods (288 
nm/RIU) as well as similar hole-array nanostructures (333 nm/RIU) (Capean et al., 
2009; Henzie et al., 2007). We use FDTD electrodynamics modeling of the metal-
oxide hybrid nanostructure’s spectral response to support our experimental results. 
Our nanostructures are highly sensitive in detecting biomolecular binding events by 
their optical LSPR spectral shifts for a single monolayer of surface-attached 
biomolecules. Our nanohole sensors are shown to be highly sensitive surface-
enhanced Raman scattering (SERS) substrates, capable of detecting a single 
monolayer of surface-adsorbed SERS-active chemical molecules.  
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7.2  Materials and Methods 
 
7.2.1 Materials.  
 
The following materials were used: silicon master-molds (NIL Technology, Denmark), 
poly(ethylene-co-acrylic acid) PEAA beads (acrylic acid 5wt%) (Sigma-Aldrich), 
glycerol (>99%, Sigma-Aldrich) gold wire (99.99% Birmingham Metals, UK), biotin-





Preparation of gold nanohole film on PEAA polymer substrate. A thin layer of 
gold of 50 to 150 nm thickness was thermally evaporated onto a silicon master mold 
patterned with nanocavities of diameter and depth 250 nm with periodicity of 420 nm 
at normal incidence (Biemtron, Japan). The thickness of the gold film was monitored 
by a quartz crystal balance throughout the coating process.  PEAA beads were heated 
to their transition glass temperature Tg = 90ºC and pressed flat between 2 pieces of 
microscopic glass slides into a thin film about 0.5 mm thick. The PEAA thin film was 
then allowed to cool down and solidify at room temperature. The gold-coated silicon 
mold was placed on top of the PEAA film with the gold film facing down and the 
temperature was slowly raised up to 80 ºC by using a hot plate (Corning). The PEAA 
thin film was slowly softened as it was heated up. The evaporated gold film was 
contacted with the soft PEAA film under the weight of the mold, with no other 
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external pressure applied. The topmost layer of gold film was adhered onto the PEAA 
film after 10 minutes and was left to cool. The silicon master mold, together with 
residual gold inside the nanocavities, was separated from the PEAA thin film after it 
was nanoprinted with gold. 
 
Post-treatment of gold nanohole film using plasma etching. Reactive ion plasma 
(Trion) was used to etch gold-printed PEAA using O2 and CF4 gases at flow rates of 
12 and 4 sccm respectively. The reactive power used was 30 W. This etching process 
was repeated 1 to 9 times with each etching session lasting for 30 seconds. Etching 
sessions of different durations from 30 to 270 seconds were carried out.  
 
Optical spectroscopy. The UV-Vis transmission spectra of the nanohole film were 
taken using a standard UV-Vis Spectrometer (Perkin Elmer Lambda 850). Non-
polarized light was normally incident on the nanohole film and scanned from 400 nm 
to 1000 nm to measure the transmission spectra. For measurements in solutions, the 
nanohole film was adhered onto the side (facing source light) of a standard 1 cm glass 
cuvette with the nanoholes in contact with the test solution.  Optical images were 
taken using a Nikon microscope (Eclipse 80i) with a CCD detector at 20x 
magnification. 
 
SEM. An FEI Nova 600 Dual Beam system, equipped with a focused ion beam 
microscope and a scanning electron microscope was used for deposition. Cross 
section milling was done using a 30 pA current. Before the sectioning process, a 500 
nm thick Pt layer was deposited on the targeted nanohole area for protection. All 
 Chapter 7_____________________________________________________________ 
_____________________________________________________________________ 
260 
platinum depositions were performed using an electron beam, at 20 kV, with beam 
current 620 pA, and probe size 7 nm full width half maximum (FWHM). The 
platinum precursor was methylcyclopentadienyl-platinumtrimethyl (MeCpPtMe3). 
The base pressure prior to deposition was 10−6 mbar. 
 
Finite-difference time-domain (FDTD) simulations. We used the commercial 
software Optiwave FDTD to simulate our nanoholes in 3D. The FDTD method was 
used to calculate the 3D electric field distribution of arrays of nanoholes in a gold film 
upon irradiation with a continuous broadband plane wave light source. The PEAA 
substrate’s refractive index was assumed to be 1.5. The dispersion of the gold film 
was modeled using Drude-Lorentzian model (Lee et al., 2009). The simulations were 
conducted using 25 holes as the unit cell, with periodic boundary conditions applied 
along the x and y directions to describe an infinite square array and uniaxial perfectly 
matched layers along the z direction. A circularly polarized light source was placed 
behind the glass. The amplitude of the incident electric field was 1 V/m. The xy plane 
monitors were placed at far-field to collect the transmitted spectrum. A uniform mesh 
was used with a nominal grid size of 5 nm (Xu et al., 2011). 
 
Surface enhanced Raman spectroscopy. All SERS measurements were carried out 
using a HeNe 632.8 nm excitation laser with intensity fixed at 0.5 mW/m2 at the 
focal plane. The scattered light was collected through a 50x objective of a confocal 
microscope with 0.8 numerical aperture and dispersed using a spectrometer which 
allows for high rejection of the Rayleigh scattering. The laser spot size was about 10 
m2 and the incidence angle was 60° with respect to the normal of the sample surface.
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7.3  Fabrication of nanoholes 
 
There are several commonly used techniques for fabricating hole-arrays 
nanostructures. For example, metal nanohole arrays can be fabricated by beam-based 
strategies such as electron-beam lithography (EBL) and focused ion beam (FIB) (Lee 
et al., 2008; Brolo et al., 2004). These techniques use electrons or ions to write     
hole-patterns onto metal substrates. They are generally time-consuming and have 
small throughput due to their serial nature of processing. Moreover, they require 
extensive infrastructure and incur high capital costs. High throughput and large area 
fabrication remains difficult, which limits the commercial feasibility of these 
techniques (Sinton et al., 2008). Alternative techniques such as nanosphere 
lithography (NSL) have received much attention due to its ability to parallel-process 
(Capean et al., 2009). NSL uses self-assembled polystyrene/silica nanospheres as a 
lithographic mask to fabricate sub-wavelength patterns. However, this technique has a 
severe limitation of poor reproducibility and in achieving a large defect-free hole-
patterned area (Yao et al., 2010). These prior techniques are not suitable for large-area 
(centimeter-scale) fabrication of plasmonic nanostructures. A literature summary table 
comparing the sensing area of hole-array nanostructures fabricated by several 
techniques is shown in Table 7.1. 
 
Several techniques for fabrication of large-area plasmonic nanostructures have been 
reported recently (Henzie et al., 2007; Yao et al., 2010). For example, Henzie et al. 
reported a technique comprising of several complex procedures such as soft 
interference lithography, nanoimprint lithography, phase-shifting photolithography, 
spin-coating, wet chemical etching, metal evaporation, and chemical lift-off.          








(Focused Ion Beam) 
Small sensing area 
~20 x 20 um2 








EBL + RIE 
(E-Beam Lithography) 
Small sensing area 
~150 x 150 um2 




Small sensing area 
Poor reproducibility 
~100 x 100 um2 
Canpean, 2009 
Yao, 2010 
NSL + RIE 
(RIE: Reactive Ion Etching) 
Small sensing area 
~100 x 100 um2 
Murray, 2010 
Jonsson 2010  
Yao 2010 
NIL + PL 
(NIL: Nanoimprint) 
(PL: Photolithography) 
Combines several techniques 
High capital cost 
More than 10000 x 10000 um2 
Henzie, 2007 
Yao 2010 
Contact Printing + RIE 
Simple method 
Large sensing area                




Table 7.1. List of fabrication techniques for gold hole-array nanostructure LSPR 
sensors and their attributes such as capital cost and sensing area in recent works.  
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However, the multiple tedious steps rendered enormous complexity to the Henzie’s 
technique. In another example, Nuzzo et al. reported a simple two-step technique 
using soft nanoimprint lithography followed by metal evaporation. A severe limitation 
with this technique is the fabrication of nanowells (blocked holes), which is 
physically different from the true open-through holes fabricated by all other 
techniques discussed here. Due to the demanding requirements for temperature and 
pressure control, the capital cost for nanoimprint equipments is high. Hence, there is a 
need to develop a general technique which accommodates both large-area fabrication 
and high output capacity at a low cost of production of hole-arrays nanostructures.  
 
Table 7.2 shows a comparison of the sensing performance (defined as ratio of actual 
sensitivity S versus theoretical sensitivity T, indicated as S/T) of various nanohole 
plasmonic sensors based on our review of recent works on fabrication techniques. The 




















                                               Equation 7.1 
where 
 is the wavelength in vacuum, P is the hole periodicity, i and j are integers 
corresponding to the propagating surface plasmon modes in the x and y directions, 
and m, d are the permittivities of the metal and substrate. For absolute values of m 
which are much larger than d (where d = 1.76 for water and m = -25 for gold at 800 
nm wavelength), and in the first order i = 1 and j = 0, the equation further simplifies to 
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S/T  (%) Reference 
FIB 
200 400 50% McMahon, 2007 
333 450 74%  LeeBeeck, 2006 
324 500 65% Eftekhari 2009 
400 600 67% Brolo, 2004 
500 620 80% Dhawan, 2008 
600 800 75% Lesuffleur, 2007 
EBL + RIE 400 600 67% Lee, 2008 
NSL 338 450 75% Canpean, 2009 
NSL + RIE 204 450 45% Murray, 2010 
NIL + PL 286 400 72% Henzie, 2007 
Contact Print  




Table 7.2. Comparison of the sensitivities and sensing performances of LSPR gold 
nanostructures fabricated by different techniques. Our current technology offers 
tunability in sensitivity and maximization of sensing performance (as indicated by 
arrow) whereas values for all other techniques are fixed or fabricated “as-is”. The unit 
“nm/RIU” represents the optical wavelength shift of transmission spectrum with 
respect to a unit change in refractive index unit (RIU).  
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Table 7.2 shows that present techniques can only produce nanohole plasmonic sensors 
which have fixed refractive index sensitivities and sensing performances which are 
lower than theoretically achievable. On the other hand, our current technique enables 
tunability for maximization of sensing performance of plasmonic nanohole sensors, in 
addition to the benefit of a large-area sensing platform. Tunability in sensitivity is a 
very important factor as the sensitivity requirements of end-users can be very different 
and wide ranging. A high-performance sensor would satisfy the stringent sensitivity 
requirements of high-end users, albeit requiring longer process and is more costly. 
End-users with less stringent requirements would demand cheaper sensors with fewer 
treatment processes, shorter production time and lower fabrication cost. Hence, this 
tunability in sensitivity, together with its simple two-step “print & etch” parallel 
fabrication, translates into greater performance flexibility, production scalability and 
commercialization potential of our nanohole sensor. 
 
Following this section, we introduce our novel technique using nanocontact printing 
combined with plasma etching for fabricating large-area (centimeter-scale) of high 
quality metal hole-array nanostructures on glass substrate adhered via a thin 
polymeric adhesion layer. We carefully control the plasma-etching process to create 
nanosized “pot-holes” within the polymeric adhesion layer, so as to precisely improve 
our sensor’s refractive index sensitivity. Our technique offers benefits such as fast and 
parallel fabrication of repetitive hole-array patterns over a large area without the use 
of expensive masks, wet-etching, or photo- or electron beam lithography. The “print 
& etch” process can be carried out in normal laboratory environment. It is possible to 
extend this low-cost high-throughput technique into fabricating different shapes and 
geometries apart from circular holes using a suitable silicon master mold.  
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The schematic of our simple two-step “print & etch” fabrication technique is shown in 
Figure 7.1. Briefly, a silicon master mold, patterned with nanocavities, was coated 
with a 100 nm thick layer of gold by thermal evaporation. Then, the silicon mold was 
placed onto a PEAA polymer thin film with the gold layer facing down. Next, the 
gold film is contacted with and adhered onto the heated polymeric PEAA thin film 
under the weight of the mold, without any external application of pressure. Only the 
topmost layer of gold film was transferred onto the PEAA film. Subsequently, 
reactive ion plasma etching was used to etch gold-coated PEAA using O2 and CF4 
gases with different etching durations of between 30 – 270 seconds. 
 
The key novelty of our technique here is that our nanocontact-printed gold film is 
designed for serving two purposes; (1) as an etching mask, and (2) as a plasmonic 
sensing transducer. By combining nanocontact printing and reactive plasma etching, 
different concavity nanostructures can be obtained simply varying their etching times, 
as shown in the schematics of Figure 7.1C-F. Figure 7.1C shows uniform polymeric 
nanodomes formed due to polymer-leakout through gold nanoholes during 
nanocontact printing process without any plasma etching. Figure 7.1D shows a flat 
polymer film in contact with the gold film after etching for 30 seconds. Figure 7.1E 
and F shows nanostructures in the form of air-void spaces (crater-like concavities) 
being etched below directly underneath the gold nanoholes after 90 seconds or more. 
Following this section, we shall demonstrate that these unique nanostructures display 
strikingly different refractive index sensitivities as evidenced by our UV-Vis 
measurements and FDTD simulations. In short, our novel “print & etch” fabrication 
technique offers the benefit of tunability of sensitivity, as a result of precise variation 
of the nanostructure of our LSPR sensor by simple control of the etching process. 





Figure 7.1. Schematic diagram outlining the fabrication technique for LSPR gold 
nanostructures on polymeric PEAA thin film adhesion layer (SiO2 substrate not 
shown). (A - B) pattern-transfer of thin gold nanohole film onto PEAA thin film via 
nanocontact printing, (C) dome-shaped nanostructures formed due to polymer leakout 
(D) Removal of nanodomes after 30 second etching, (E) formation of small nanosized 
air-voids or “pot-holes” directly underneath gold nanoholes after 90 second etching 
and, (F) formation of large air-voids or “pot-holes” after 150 second etching. 
(A)    (B) (C) 
(D) (E) (F) 
Etching    
O2 & CF4      
(30secs) 
Etching    
O2 & CF4      
(90secs) 
Etching    
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 7.4 Characterization of nanoholes 
 
 
To confirm the high-fidelity of our nanostructures and reliability of our pattern-
transfer technique, we characterized our hole-array nanostructures using optical 
bright-field microscopy and SEM electron microscopy.  
 
i.    Optical microscopy 
 
Figure 7.2A shows a photograph of our gold nanohole film. Figure 7.2B shows the 
nanohole film integrated with a microfluidic chamber. The optical properties of the 
nanohole film were characterized using an optical microscope (Nikon 5200) by 
illuminating the films under normally incident collimated white light and collecting 
the transmitted light through a microscope objective. Bright-field optical images of 
the Au infinite nanohole arrays were found to exhibit uniform colour and intensities 
across the entire field of view indicating that the hole-array nanostructures are 
distributed uniformly throughout a large area of ~ 1 cm2. Figure 7.3A shows the 
brightfield image of a gold film without any nanoholes appears green due to the 
dominant resonance of bulk gold at around 500 nm wavelength (Henzie et al., 2007). 
Figure 7.3B shows a nanohole film without any etching, which exhibited a violet 
colour owing to the presence of the polymeric nanodomes structures. Figure 7.3C 
shows the nanohole film etched for 90 seconds, which exhibited a light-orange colour. 
In Figure 7.3D, a nanohole film etched for 150 seconds is shown with an deep-red 
colour due a dominating Au-air peak at 650 nm, as evidenced by both our UV 
measurements and FDTD simulation (as shown in Figure 7.8).  





Figure 7.2. Photograph of a 1.0 x 0.7 cm gold hole-array nanostructure (A) on PEAA 
polymer thin film of thickness 0.5 mm on a microscope glass and, (B) integrated into 
a microfluidic chamber. 
















Figure 7.3. Schematic of hole-cavity nanostructures (left) and optical microscope 
bright-field images under 20× magnification (right) of (A) flat gold film, and 
perforated gold film with hole-cavity nanostructures after etching times of (B) 0 
seconds, (C) 90 seconds and, (D) 150 seconds. Based on the uniform optical colours, 













(B) Etch 0 secs 
(C) Etch 90 secs 




(A) Bulk Au 
Hole 
Cavity 




ii.   SEM microscopy 
 
The high-fidelity of our pattern-transfer was further examined using SEM microscopy.  
Figure 7.4A reveals a smooth defectless gold nanohole film. The gold film has a 
large-area with millions of high quality nanostructures with excellent hole-pattern 
repetition and highly uniform circular shapes. In Figure 7.4B, a peeled-off section of 
the gold film is observed to be composed of a large thin continuously connected sheet 
geometry. In Figure 7.4C and D, we further confirmed the uniformity of the cross-
sectional thickness of the gold film, which is verified to be ~100 nm.  
 
In Figure 7.5, we show the top-view SEM images of our nanohole film after different 
stages of etching. Without any etching, Figure 7.5A shows a large numbers of 
equally-spaced uniform circular nanodomes obscuring the nanoholes. We chemically 
removed the nanodomes without affecting the structural integrity of the gold nanohole 
structures by keeping the etching time short at 30 seconds for each etching session. 
This prevents generation of excessive heat which will deform the underlying polymer 
and damage the gold film. For 90 and 150 second etching times, the nanodomes are 
completely removed and gold nanoholes are revealed, as shown in Figure 7.5B and C. 
The gold film has a brighter contrast compared to the darker holes due to the higher 
mass density of gold compared to underlying polymer. We confirmed the high-fidelity, 
good structural integrity and excellent uniformity of our nanostructures from the SEM 
images shown in Figure 7.4 and Figure 7.5. Our fabrication method produced highly 
uniform nanodome structures before etching, while after etching; high-quality 
nanohole-cavity nanostructures with well-defined circular geometry are formed.  




Figure 7.4. SEM images of a smooth defectless gold film with infinite nanoholes 
transferred in high-fidelity by nanocontact printing. (A) Top view of film. (B) Gold 
film is shown to be structurally made up of a large thin continuously connected sheet 
of metal uniformly perforated with nanostructured holes. (C) Same film with fractured 
portion showing the cross section of a 100 nm thick gold film after mechanically 




100 nm thick 
(D)  





Figure 7.5.  Schematic of different and unique gold nanostructures (left). SEM 
images (middle) and SEM images under high magnification (right) under different 
etching for (A) 0 seconds, (B) 90 seconds and (C) 150 seconds. SEM images of (A) 
polymeric nanodome structures formed due to polymer-leakout during nanoprinting 
process. (B) Gold nanohole structures with shallow air-void cavities after 90 second 
etching. (C) Gold nanohole structures with deep air-void cavities formed after 150 













(A) Etch 0 secs 
(B) Etch 90 secs 
(C) Etch 150 secs 
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Figure 7.6 shows the cross-section SEM images of our nanohole films with different 
periods of etching. The gold film is indicated by the evenly spaced out bright 
horizontal slits. Figure 7.6A shows symmetrical and uniform nanodomes with 
diameters of 250 nm and a uniform height of 170 nm. These nanostructures result 
from the polymer leak-out which occurs during the 10-min contact-printing process 
when the polymer substrate is heated and softened near its glass transition temperature 
of ~90°C. These nanodomes can be reproducibly fabricated each time by keeping the 
temperature and printing time unchanged, while ensuring no external pressure is 
applied except for the weight of the silica mold. The pressure exerted by the constant 
weight of the mold (pressure = 0.023 N/cm3, silicon wafer density 2.33 g/cm3, weight 
= 0.07 grams). Our SEM result confirmed that large-scale quantity of repeatable and 
well-defined nanodome structures can be produced every time. 
 
Figure 7.6B and C show cross-section SEM images of the gold nanoholes after 
plasma etching. Chemical etching by O2 and CF4 gases has removed all polymer 
nanodomes and created void spaces (crater-like potholes) in the polymeric adhesion 
layer, by using the gold film as an etch mask. The black colour indicates the PEAA 
region while the grey region indicates the air voids between the gold film and PEAA 
polymer. In order to mill a cross-section of our samples for SEM imaging, the air 
voids were first deposited with platinum by electron-beam deposition to prevent 
structural damage to the gold film during ion-milling. Figure 7.6B shows some 
residual polymer remaining inside the nanoholes in between the bright gold slits after 
30 second etching. After 90 second etching (Figure 7.6C), the polymer is etched 
deeper into the nanoholes with the boundary line dropping below the horizontal slits.




Figure 7.6. (top) Schematic diagram, (middle) cross section SEM images of 
nanodomes and nanohole-cavity structures, and (bottom) samples under high 
magnification. Samples are (A) without etching, and with (B) 30 s, (C) 90 s and (D) 
150 s etching. Gold nanoholes on polymer substrates with (A) flat cavity, (B) small 
void-cavity and, (D) large void-cavity. The grey regions indicate the air-void spaces 
above the dark-colored polymer. The air void spaces were filled with grey platinum to 
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After 150-second etching (Figure 7.6D), deep air-void cavities with shapes like crater 
“potholes” are formed underneath the gold nanoholes. Underneath each individual 
nanohole is a cavity with concave walls formed by the polymeric layer. This cavity is 
a result of isotropic etching by reactive plasma gases seeping through each nanohole 
to remove away polymeric material lying underneath the gold film.  
 
In conclusion, these SEM images in Figure 7.6 confirmed that by varying the etching 
time from 0, 30, 90 and 150 seconds, the amount of polymer surrounding the 
nanohole can be precisely controlled. It is known that plasmonic activities are most 
sensitive at the rims of the metallic nanoholes (Parsons et al., 2009). We were able to 
fabricate various unique nanostructures, namely (A) polymer nanodomes sitting on 
gold nanoholes (no etching), (B) gold nanoholes supported on flat bottom polymer 
substrate (30 second etching), (C) gold nanoholes with small crater-like air voids in 
polymer substrate (90 second etching), and finally, (D) gold nanoholes with very large 
crater-like air-voids in polymer substrate (150 seconds etching). In the following 
sections, we shall prove that each of these hole-array nanostructures (A-D) have 
profound effects on the refractive index sensitivity due to the varying LSPR effect by 
using FDTD simulations and optical refractive index sensing in different glycerol 
concentrations.  
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7.5 Simulation of localised surface plasmonic field (LSPR) of 
nanoholes 
 
Previously, Schatz and co-workers have reported in the use of finite difference time 
domain (FDTD) modeling of light transmission through both isolated and square 
arrays of nanoholes to predict the enhanced electromagnetic fields due to the 
interaction of the propagating and localized surface plasmons as well as the enhanced 
optical transmission spectra (Chang et al., 2005). FDTD simulations can be utilized to 
model and assign the plasmonic wavelength peaks of nanoholes arrays (Murray 2010). 
In this section, we use three-dimensional FDTD simulations to investigate the 
enhanced plasmonic field and optical transmission peaks of our gold nanoholes.  
 
Figure 7.7A shows the schematic diagram of our simulated gold nanoholes and its 
structural dimensions. Light is normally incident from the bottom and excites surface 
plasmons on the nanohole array at the upper gold/air and the lower gold/oxide 
interfaces. Figure 7.7B and C show the time-averaged intensity map of the                  
z-component of the enhanced electric field intensity at resonant wavelength 650 nm. 
The results indicate that optical energy is largely confined and concentrated to the 
edges of the nanohole (Figure 7.8C), resulting in a high electric field intensity which 
leads to both the experimentally observed transmission peak at 650 nm, as evidenced 
by our UV measurements (Figure 7.8D) and strong SERS signals observed in the 
Section 7.8. Enhanced optical transmission EOT hardly occur at non-resonant 
wavelengths such as 900 nm wavelength, as evidenced by the weak simulated electric 
fields excited at and the absence of an optical transmission peak as shown by Figure 
7.8A. The small peak near 480 nm can be explained by the plasmonic resonance of 
bulk gold without any nanohole structures (Figure 7.8B). 




Figure 7.7. Schematic diagram of UV-Vis detection of enhanced optical transmission 
(EOT) of gold hole-array nanostructure, illuminated by incident white light (A). 
Three-dimensional FDTD simulation of electric field intensity of gold nanohole from 
(B) a cross-sectional view and (C) from top view at peak wavelength 650 nm. Yellow 
arrow indicates direction of incident light and white arrow indicates the direction of 
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Figure 7.8. FDTD simulation results of the XZ-plane electric field intensity of gold 
nanohole film in air at excitation wavelengths (A) 900 nm, (B) 480 nm and (C) 650 nm. 
Enhanced electric fields are observed at the gold edges at resonant wavelength 650 nm 
which coincides with a corresponding transmission peak. (D) Experimental results and 
FDTD simulation results of a 150 second-etched gold nanohole film’s normalized optical 
transmission spectra showing resonant peaks near 480 nm and 650 nm. Yellow arrow 
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7.6  Characterization of refractive index sensitivity of nanoholes  
 
Measurement of transmission spectra and refractive index (RI) sensitivity. The 
RI sensitivity of the plasmon resonance to changes in refractive index was measured 
by immersing the nanohole films into different concentrations of glycerol-water 
solution (0, 20, 40, 60, 80, 100 vol%) with different refractive indices 1.33, 1.35, 1.38, 
1.41, 1.44 and 1.47 respectively and measuring their transmission spectra (Capean et 
al., 2009; Chen et al., 2008). The experimental results are shown in Figure 7.9 (graphs 
on the left) for films fabricated with various etching times of 0, 30, 90 and 150 
seconds. Figure 7.9 (graphs on the right) shows the simulated transmission spectra RI 
sensitivity values 1.33, 1.35, 1.41 and 1.47 which correspond to glycerol 
concentrations of 0, 20, 60, 100 vol%. Due to the long time required to carry out 
FDTD simulations in three-dimensions, only 4 simulations were carried out which is 
sufficient to confirm the trend, the sensitivity and the spread of the spectral shift. 
   
Comparison between experimental and simulated transmission spectra.               
In Figure 7.9, we compare our experimental results (graphs on the left) with FDTD 
simulation results (graphs on the right). Our experimental results show 3 distinct 
transmission peaks near 500, 625 and 800 nm in all transmission spectra. The 
experimental peaks are in good agreement with our FDTD simulated transmission 
spectra which display similar triple peaks characteristics near 500, 625 and 850 nm 
(Figure 7.9). Our observed three peaks are in good agreement with the three peaks 
observed in other works using nanohole films of 400 nm hole periodicity (Molen et al., 
2004; Henzie et al., 2007). The 500, 625 and 800 nm peaks can be attributed to 
plasmon resonances due to bulk gold, metal-oxide (1,1) and metal-oxide (1,0) in 
accordance to Molen and Henzie, where subscripts (1,0) and (1,1) are integer pairs 
that define the (i, j) order of the plasmonic resonance.  




Figure 7.9. Experimental (left) and FDTD simulated (right) transmission spectra of 
the gold hole-array nanostructures with etching times of (A) 0 s, (B) 30 s, (C) 90 s and 
(D) 150 s seconds with increasing refractive indices (indicated by increasing size of 
red arrows). The FDTD results confirm the shift in transmission peak wavelength. 
(A) Etch 0s 
(B) Etch 30s  
(C) Etch 90s 
(D) Etch 150s 
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It is reported that the excitation of surface plasmon resonance by nanoholes is known 
to be sensitive to the refractive index of the surrounding medium (Brolo et al., 2004). 
Our results show a larger red-shift in peak wavelengths was observed with longer 
etching times for a fixed change in refractive index (red arrows in Figure 7.9). This 
indicates an improved sensitivity towards a fixed change in the refractive index, as 
shown by comparing the smaller wavelength shift observed in Figure 7.9A (smallest 
red arrow) with Figure 7.9D (biggest red arrow). The smallest red-shift observed in 
Figure 7.9A (no etching) is due to the presence of nanodomes obstructing the 
nanoholes where localised plasmonic fields are expected to be strongest and most 
sensitive to changes in the refractive index of the medium (Ctistis et al., 2007). The 
resonance peak due to bulk gold at 500 nm remains unchanged. For both experimental 
and simulated transmission spectra, we observe a linear red-shift of the minima and 
maxima in transmission and reflectivity as a function of increasing effective refractive 
index (Figure 7.9). This linear red-shift allows us to calculate the refractive index 
sensitivity in transmission. 
 
Effect of different etching times. In Figure 7.10, we plotted the experimental peak 
transmission wavelengths against refractive indices of 1.35, 1.38, 1.41, 1.44 and 1.47, 
where the gradient slope represents refractive index sensitivity. We observed 
increasing refractive index sensitivity values from 175, 236, 380 to 415 nm/RIU for 
films produced with increasing etching time of 0, 30, 90 and 150 seconds respectively. 
We are able to control the sensitivity of our gold films by simply varying the etching 
time. The slopes are highly linear indicating that our sensors have great potential for 
refractive index sensing purposes. Moreover, this strong linearity in sensitivity falls 
within the refractive index of biological samples making it highly promising for 
biosensing applications. 






Figure 7.10. Linear redshift in peak transmission wavelength with increasing 
refractive index values of 1.35, 1.38, 1.41, 1.44 and 1.47. Gradients indicate the 
refractive index sensitivity “S” of LSPR sensor treated with different etching times of 
(A) 0 s, (B) 30 s, (C) 90 s and, (D) 150 s. We show that sensors with increasing 
etching times also have higher sensitivity values.  
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Effect of different film thicknesses. In Figure 7.11, we plotted the sensitivity values 
of four sensors (75, 100, 125 and 150 nm thick gold nanohole films) against etching 
time. Our experimental results show that without any etching, all sensors exhibit very 
low sensitivity values of 50, 175, 125 and 125 nm/RIU for 75, 100, 125 and 150 nm 
thick gold nanohole films, respectively. The unit “nm/RIU” represents the optical 
wavelength shift of transmission spectrum with respect to a change in refractive index 
unit (RIU). This low sensitivity is attributable to the presence of nanodomes blocking 
the nanohole entrance, which strongly degrade the refractive index sensitivity of our 
sensor. These values is far below the achievable theoretically achievable value of 420 
nm/RIU given by Equation 7.1 (using periodicity, P = 400 nm and em = -29+2.0i for 
gold at 800 nm, ed = 1.769, according to Lee et al., 2007). As etching times vary from 
0 to 30 and 90 secs, the sensitivity values increases steeply and almost linearly with 
etching time. This is attributable to the decrease in blockage of the nanoholes by 
polymeric nanodomes and the increase in void spaces under the gold nanoholes. 
Beyond an etching time of 150 seconds, sensitivity reaches a plateau at ~420 nm/RIU 
for all four samples. The fact that all experimental sensitivity values eventually 
approach and maximize at the calculated theoretical value of 420 nm/RIU, as etching 
time is increased, indicates that 100% sensing performance has been achieved. This 
observation is also supported by our FDTD simulations, as shown in Figure 7.11. 
 
In conclusion, we have demonstrated, via precise control of the plasmonic 
nanostructure via the plasma etching process, the refractive index sensitivity can be 
controllably tuned from an initial low value (non-optimized) to a maximized 
(optimized) value, equivalent to theoretical value, thus achieving 100% sensing 
performance. 






Figure 7.11. Increase and maximization of refractive index sensitivity of gold LSPR 
sensors of different gold thicknesses of (A) 75 nm, (B) 100 nm, (C) 125 nm and,      
(D) 150 nm with increasing etching time. Three-dimensional FDTD simulation results 
for 100 nm thick gold nanohole film (dashed in pink) is also shown.  
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7.7  Biosensing application using nanoholes 
 
For our biosensing experiment, nanohole biosensors with 400 nm hole periodicity and 
200 nm hole diameter were fabricated using our new technique. Nanohole films 
which were etched for 0, 90 and 150 seconds were used. Then, the films were drop-
coated with a biotin-PEG-thiol (10 mol%) and mercapto-1-undecanol (90 mol%) 
solution (final 1 mM) such that biotin molecules covered the entire sensor area (Teh et 
al., 2007). After 3 hours, the films were rinsed copiously with water and ethanol, and 
blown dry with nitrogen gas. The UV spectrum of the biotin-functionalized sensor 
was measured in air. Subsequently, the gold surface was drop-coated for 1 hour with 
streptavidin protein (0.1 mg/mL), which was dissolved in a PBS buffer 10 mM 
phosphate buffer (pH 7.4). Then, the biotin-streptavidin functionalized films were 
rinsed copiously with water and ethanol, and blown dry with nitrogen gas. Then, the 
film’s UV transmission spectrum was measured in air again.  
 
Figure 7.12 shows the UV-Vis spectra of the biotin-functionalized nanohole films 
before (black curve) and after streptavidin binding (red curve). For the nanohole films      
without etching, there was no significant shift in transmission spectra. This result 
agrees well with our earlier test results using glycerol solutions with different 
refractive indices. The results can be explained by our SEM images (earlier in Figure 
7.6) showing PEAA nanodomes physically obstructing and preventing biomolecules 
from attaching to the nanoholes, and also by our FDTD simulations (earlier in Figure 
7.9) showing the absence of wavelength shift in transmission spectra. For films with 
90 and 150 second etching times, streptavidin causes the spectra to red-shift 8.9 nm 
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and 11.6 nm, which is in good agreement with previous reports (Brolo et al., 2004; 
Jacqueline et al., 2008). Our SEM images (Figure 7.6) confirmed that the nanodome 
structures have been completely removed and void spaces (potholes with collapsed 
concave walls) are created within the PEAA polymer adhesion-layer underneath the 
gold film with etching. The fine adjustment of the size and shape of the cavity 
“potholes” by varying the etching time enables us to tune our detection sensitivity for 
surface-attached streptavidin protein. Clearly, the extent of wavelength shift (due to 
biomolecules binding to the gold surface) increases with the increase in etching time, 
due to precise control of the size and shape of the potholes, leading to an 
improvement in LSPR sensitivity. In conclusion we have shown that our technique is 
capable of fabricating nanohole films with tunable sensitivity, which act as highly 








Figure 7.12. Schematic of a gold LSPR sensor with a monolayer of biotin-streptavidin 
biomolecules immobilized on the gold surface (A), peak wavelength detection of biotin 
(black curve) and biotin-streptavidin (red curve) binding using gold LSPR sensors treated 
with different etching time of 0 (B) 90 (C) and 150 (D) seconds. Black arrows and max 
indicate the peak wavelength shift of UV transmission spectra in air due to attachment of 
biotin-streptavidin biomolecules.   
max = 11.6 nm max = 8.9 nm 
(C) Etch 90 secs (D) Etch 150 secs 
    max = insignificant shift 
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7.8  SERS detection using nanoholes   
 
Surface-enhanced Raman scattering is a powerful technique for obtaining vibrational 
spectra of SERS-active molecules adsorbed on hole-array nanostructures (Yu et al., 
2008; Brolo et al., 2004; Xu et al., 2010; Lee et al., 2009). Metallic nanoholes can 
dramatically enhance the local electric field by concentrating electromagnetic energy 
into the subwavelength dimensions that give rise to localised surface plasmon 
resonance (Xu et al., 2011). Substrate-based SERS detection has better reproducibility 
over colloidal nanoparticle-based SERS detection due to the uniformity of its 
nanostructures and the lack of colloidal aggregation problems (Xu et al., 2011).  
 
Raman spectroscopy is known for its advantages over these other existing optical-
based spectroscopic methods (Brolo et al., 2004). Sensing mechanisms employing 
plasmonic resonance shift provides high sensitivity, but lacks molecular specificity 
(Capean et al., 2009). The bandwidth of the vibrational signature of the Raman signal 
is much narrower than optical fluorescence signal, providing a molecular fingerprint. 
Moreover, enhanced Raman scattering is obtained in the visible range, allowing 
simpler optics and better detection systems as opposed to infrared (IR) absorption 
methods (Brolo et al., 2004). Combining LSPR sensing with SERS molecular 
identification can widen the range of applications, allowing analyte identification and 
improvement of the detection limits, especially for low molecular weight molecules. 
Moreover, metallic films perforated with periodic arrays of subwavelength nanoholes 
can be easily integrated with microfluidics for portable lab-on-a-chip applications 
(Capean et al., 2009). 
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Brolo and co-workers measured SERS spectra from metallic nanohole arrays 
fabricated using FIB (Anema et al., 2008). Wallace and co-workers also measured 
SERS spectra from EBL-fabricated Au nanohole arrays, achieving high enhancement 
factors (Yu et al., 2008). Rowlen and co-workers used EBL-fabricated nanohole 
arrays to demonstrate that SERS enhancement decreases as hole lattice spacing 
increases (Reilly et al., 2007). Yu and co-workers first demonstrated the capability of 
SERS to probe the orientation of 4-MP on Au nanohole arrays (Yu et al., 2007).  
 
Based our simulated and measured optical properties reported in earlier sections, these 
large area nanohole arrays are expected to be good candidates for SERS substrates. 
Gold was used for our nanohole film because it is easier to clean and much more 
chemically stable than silver. We used 2-mercaptopyrimidine (MPM) as our SERS-
active chemical molecules because free thiol tailgroups are known to have a large 
scattering cross-section and chemisorbs onto gold film strongly to form a self-
assembled monolayer. Briefly, a clean nanohole film was modified with a monolayer 
of MPM by a drop-coating and rinsing. A drop of 10 μM solution of MPM was drop 
coated onto the gold surface and left to stand. After 10 minutes, the nanohole film was 
rinsed with a copious amount of deionized water and ethanol, and then blow dried. 
This procedure ensured that only one monolayer of the adsorbate was present at the 
surface during the SERS measurements. 
 
Figure 7.13 shows the recorded SERS spectrum of MPM excited with a 632 nm HeNe 
laser. SERS results were taken from three different cases, namely (1) gold film with 
nanoholes printed on glass substrate via a PEAA polymer adhesion-layer, (2) a gold
























Figure 7.13. SERS detection of an monolayer of 2-mercaptopyrimidine (MPM) 
immobilized on (red curve) Au film with nanoholes on SiO2 substrate with PEAA 
adhesion layer, (blue curve) Au film without nanoholes on SiO2 substrate with PEAA 
adhesion layer (black curve) gold film without nanoholes on SiO2 substrate. SERS 
signal at 870, 1309 and 1430 cm-1 are due to PEAA adhesion polymer (bold numbers) 


























w avelength sh ift (cm -1)
Chemical structure of C4H3N2SH 
2-mercaptopyrimidine (MPM) 
(Red) MPM + Gold film on PEAA/SiO2 substrate with nanoholes  
(Blue) MPM + Gold film on PEAA/ SiO2 substrate without nanoholes  
(Black) MPM + Gold film on SiO2 substrate without nanoholes  
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film coated on glass substrate without any nanoholes and (3) a gold film coat on 
PEAA polymer layer without nanoholes. A very strong frequency band at 998 cm-1 on 
the gold nanohole film was observed. The frequency is attributable to phenyl-ring 
breathing mode and is known to be very sensitive to the chemical interactions. In 
previous SERS studies, this frequency mode has been reported to be 1002 cm-1 in the 
colloidal solution, 988 cm-1 on silver electrodes and 984 cm-1 for MPM on inert 
matrices (Tripathi et al., 2003). Our frequency band at 998 cm-1 is 14 cm-1 higher than 
that on inert matrices and 4 cm-1 lower than that in colloidal solution. This upward 
shift in frequency by 14 cm-1 for gold nanohole film compared to inert matrix is quite 
large; this is due to a drastic change in the short-range chemical interactions on the 
nanohole film. This indicate that strong surface interactions between MPM with gold 
nanohole film have taken place due to chemisorption of thiol free groups compared to 
that on inert matrices. In addition, Figure 7.13 shows that our nanohole film clearly 
shows improved SERS performance over flat gold films. The high SERS signal can 
be attributed to the large electromagnetic field enhancement which arises when the 
irradiation wavelength at 632.8 nm is resonant with our nanohole film’s 
nanostructures (Yu et al., 2008), which has LSPR maximum near 650 nm in air, as 
shown earlier in our FDTD simulations in Figure 7.8. The high SERS signal has been 
reproducibly detected at multiple different locations on the nanohole film. This 
confirms that the surface coverage of MPM corresponds to a thin monolayer of self-
assembled molecules coated uniformly, and the nanohole structures have been 
uniformly fabricated throughout the entire sensing area, resulting in a repeatable 
SERS signal. In summary, we demonstrated that gold hole-array nanostructures 
fabricated using our novel technique can be used as SERS substrates for sensitive 
SERS chemical sensing.  
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7.9 Chapter summary 
 
We have developed a simple two-step technique for fabricating metal-oxide 
nanostructures, which can be used as a highly sensitive plasmonic sensor. A 
combination of nanocontact-printing and reactive ion plasma etching technique was 
used to produce uniformly perforated nanohole-concavity nanostructured gold film 
adhered onto a SiO2 substrate via a thin polymer film. Precise control of the metallic 
nanohole and its underlying substrate cavity by simple adjustment of plasma etching 
time allow us to tune the refractive index sensitivity and optimize the sensing 
performance of the plasmonic device. Optical and SEM imaging demonstrate the 
high-fidelity and structural integrity of our fabricated nanostructures. The excellent 
agreement of experimental (UV-Vis transmission spectra and Raman scattering) and 
FDTD theoretical simulation attests to the reliability of our fabrication technique and 
the performance of our biosensor. The key advantages of our fabricated 
nanostructures include large sensing area (centimeter-scale), tunable high sensitivity 
(refractive index sensitivity ~420 RIU/nm) over prior techniques. The nanohole-
cavity structure was carefully optimized to improve actual sensitivity up to the best 
theoretically achievable value, achieving maximum sensing performance. Lastly, our 
nanohole films can also be used as excellent SERS substrates for highly-sensitive 
chemical sensing. This work paves the way for fabricating large-area metal-oxide 
nanostructures via a new two-step “print & etch” preparation route for application as 
multi-modal plasmonic sensors with tunable LSPR sensitivity and SERS detection 
capability. The results of this work will be useful for future study of interesting 
plasmonic nanostructures for optical sensing and photonic applications.  
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8.1  Conclusion. 
 
Figure 8.1. Summary of synthesis techniques developed in this thesis. (A) Synthesis 
technique for (A) core-shell nanoparticle under Chapter 4, (B) yolk-shell nanoparticle 
under Chapter 4 (C) nanoparticle patterning under Chapter 3, (D) nanoholes 
patterning under Chapter 7, (E) subsurface imaging technique under Chapter 6 (F) 
dye-doped FRET nanoparticles under Chapter 3 and, (G) eccentric core-shell 
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In this thesis work, we developed simple nanopatterning and metal-oxide fabrication 
techniques, which adopt clean and green strategies, such as minimization of 
patterning steps, one-pot synthesis under room temperature, use of inexpensive, 
nontoxic, environmentally-friendly solvents, in support of sustainable materials 
synthesis, while achieving large-scale and high-yield production volume. We studied 
several new preparation approaches for nanostructured oxides and their metal 
nanocomposites. Nanomaterials formation mechanisms, multi-functional properties 
and their pilot application studies have been investigated systematically. The most 
important conclusions are drawn in the following aspects: 
 
Chapter 1. In this chapter, we have reviewed many outstanding works describing 
several types of metal@oxide nanostructures with well-defined core-shell 
architectures, and their respective oxide-coating techniques. The problems associated 
with these existing fabrication techniques and the major obstacle faced in its scaleup 
production and commercialization have been highlighted. Common challenges are 
discussed which relate to the colloidal instability in alcohol mediums, poor 
reproducibility due to complexities in procedures, or the use of expensive and 
environmentally unfriendly reactants, or the use of energy-intensive high temperature 
synthesis. In the subsequent chapters, we overcome these challenges by introducing 
simple and high-yield synthesis techniques for preparing silicon or titanium oxide-
coated metal core-shell nanostructures using sol-gel wet chemical approach. Another 
simple and large-scale fabrication technique based on a physical approach for metal-
on-silicon oxide nanostructures exhibiting infinite nanohole-array architecture was 
also developed.  
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Chapter 2 and 3. The first highlight of our work is that we have developed a simple 
water-based green synthetic route for preparing high-quality monodispersed 
submicron-sized silica particles, not shown in previous works. Our environmentally 
friendly one-pot synthesis technique for highly monodispersed silica formation 
involves the self-hydrolysis and polycondensation of MPTMS as a water-soluble 
silane precursor in aqueous media under continuous shaking at room temperature. The 
silica formation mechanism involved three time-dependent growth stages: (1) a 
homogenous nucleation of silica nanoparticles, (2) fast silica growth and, (3) slower 
steady state growth. We quantitated the density of intrinsic thiol groups freely 
accessible on the silica shell, and their presence was found to induce a strong negative 
surface charge, which imparted high colloidal stability to the particles. The free thiol 
groups were shown to be useful for surface functionalization with thiol-reactive 
maleimide groups in Chapter 3, where we demonstrated the use of our monodispersed 
silica particle synthesis technique in unique applications of nanoparticle-patterning for 
chemical sensing and photonic crystal applications. 
 
Chapter 4. Following the development of a water-based synthesis technique for 
highly monodispersed silica nanoparticles, we extended the technique into a universal 
silica-coating method for large-scale and environmentally friendly production of 
silica-coated metal nanoparticles in aqueous solutions. We found that the initial 
growth mechanism of silica shell on metal surface to be an anisotropic process, which 
is attributable to the differences in binding energy of citrate capping ions and/or the 
thiol affinity to different metal surface planes. Subsequent silica growth becomes 
uniform and the shell thickness can be easily controlled by varying the coating time. 
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We demonstrated that the metal core can be rationally and selectively etched to form 
unique yolk-shell nanostructures with an adjustable core-size by simply varying the 
etching time. Our approach offers a simple one-pot “silica-coating & selective-
etching” method for a water-based fabrication of yolk-shell structures with a tunable 
metal core-size, which can be promising candidates for potential homogenous 
catalytic reactions. Lastly, we developed highly sensitive SERS nanotags using the 
same aqueous silica-coating technique by adsorbing Raman-active molecules onto 
metal nanoparticles prior to silica deposition. These SERS nanotags are expected to 
be promising candidates for SERS bioimaging and biosensing. 
 
Chapter 5. Besides preparing concentric silicon oxide-coated metal nanostructures, 
we have developed a high-yield synthetic technique to prepare non-concentric 
titanium oxide-coated metal nanostructures. These eccentric Au@TiO2 
nanostructures consist of a thinner TiO2 shell on one side of the Au core and a thicker 
shell on the opposite side. A “green”, inexpensive and water-soluble polysaccharide, 
hydroxypropyl cellulose, is used as a surface-capping agent to surface-stabilize metal 
nanoparticles for transfer into isopropanol media, where the nanoparticles are titania-
coated using titanium diisopropoxide bis(acetylacetonate), as a slow hydrolyzing 
titania precursor, which reduces secondary nucleation of free titania nanoparticles and 
promotes shell-growth of TiO2. The eccentric core-shell structure allowed faster 
diffusional access to the metal surface by the reactants via the thinner shell while the 
thicker shell ensures its high dispersibility. The titania growth mechanism for the 
anisotropic growth of the eccentric core-shell structures involves an initial base-
catalyzed hydrolysis of the titanium alkoxide precursor and then followed by a plane-
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selective condensation of TiO2 onto citrate-capped Au and Ag cores. As proof-of-
application, these eccentric metal-oxide hybrid nanostructures were shown to have a 
strong catalytic effect on the reductive conversion of 4-nitrophenol to 4-aminophenol. 
The recyclability of the nanostructures for repeated catalytic reactions was 
demonstrated by reactivating them in citrate solution. Lastly, these reusable Au@TiO2 
nanocatalysts were shown to exhibit strong photocatalytic effect under UV irradiation. 
  
Chapter 6. Besides developing new synthetic approaches for metal-oxide 
nanostructures with complex core-shell architectures, it is crucial to have a reliable 
and rapid imaging technique as a nano-characterization tool. We have developed a 
subsurface imaging technique for large-scale visualization and analysis of metal-
core/oxide-shell nanostructures based on secondary-electron-based SEM imaging. 
The imaging technique was shown to be useful for assessing the interior core-shell 
architecture and examining the hidden metal nanostructures buried under the oxide 
shell. The subsurface imaging mechanism is found to be made up of SE signals, 
namely SE1 and SE2 signals, which generated directly from the sample, while SE3 
and BSE signals contributions are negligible as noise. The intensity of the electron 
signals from the core-shell nanostructure exhibits a strong material-dependency and 
size-dependency, and is closely related to its physical properties, such as mass density 
and surface curvature. This behavior results in an excellent subsurface imaging 
mechanism for hybrid metal@oxide nanostructures with hidden core features. The 
technique is highly versatile in that it offers the flexibility to choose surface and 
subsurface imaging of metal@oxide nanostructures through the simple manipulation 
of the sample’s surface coating, the acceleration voltage or the substrate cavity. The 
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large field-of-view of the SEM subsurface images enables samples to be analyzed in 
large numbers for rapid screening and quick yield-analysis of core-shell 
nanostructures in a large-scale production environment. Finally, this sub-surface 
imaging technique was extended to large-scale quantification of small aggregates 
(dimers, trimers and so on) of metal-silica core-shell nanoparticles differentiated by 
different core-labeling schemes, which is useful for potential agglutinated particle 
assays and biosensing applications. 
 
Chapter 7. Besides developing fabrication techniques for metal-oxide nanostructure 
with a core-shell framework, another interesting structural form involves nanosized 
hole-array architecture. We have developed a simple and novel two-step “print & 
etch” fabrication technique that is suitable for large-scale and low-cost production of 
metal/oxide nanohole structures. A combination of nanocontact-printing and reactive 
ion plasma etching techniques was used to produce uniformly hole-perforated gold 
thin film supported on a silicon oxide substrate via a thin polymer adhesion layer. 
Precise control of the gold nanohole and its underlying “pot-hole” cavity 
nanostructure via simple adjustment of plasma etching time during fabrication allow 
us to tune the refractive index sensitivity of the plasmonic sensor. We showed that the 
underlying cavity structure can be optimized to increase experimental sensitivity up to 
the best theoretically achievable value, thereby achieving maximum biosensing 
performance. Our experimental results were supported by quantitative electrodynamic 
three-dimensional FDTD modeling of the metal nanostructure’s spectral response. We 
presented the benefits of our fabricated nanostructures which include large sensing 
area (centimeter-scale) and better sensitivity (bulk refractive index sensitivity >400 
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RIU/nm) over prior techniques. Lastly, we demonstrated our nanohole films as 
promising SERS substrates for highly sensitive Raman-based chemical sensing 
applications. Our plasmonic sensors, with their simple and large-scale fabrication 
technique, as well as their tunable sensitivity, hold great potential as label-free 
biosensing and chemical detection systems. 
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8.2  Outlook 
 
Based on the results obtained so far, it can be anticipated that the following research 
directions are promising and future work may focus on these areas. 
 
Chapter 2 & 3. We developed a synthetic method for highly monodispersed dye-
doped silica spheres through a simple water-based approach. We believe that our 
silica synthesis technique would be extended to allow silica encapsulation of other 
nanoparticles, including CdS and CoFe2O4. Doping the silica particles with organic 
dyes imparted strong fluorescence to the particles which could allow them to be used 
as fluorescent biomarkers for imaging of living cells or animals. The thiol-
functionalized silica nanoparticles could be used for the immobilization of 
oligonucleotides and proteins for bioanalysis.  
 
Chapter 4. As the emphasis of this thesis is on the development of new synthesis 
technique for preparing silica-coated metal nanostructures, there is little exploration 
work on downstream real-life application in biosensing or bioimaging live cells or 
animals.  The strong optical Raleigh scattering effect and SERS signals detected from 
our multi-functional metal-oxide nanostructures holds great promise as multimodal 
tracers for living cell imaging and related biological research. We intend to further 
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Chapter 5. Besides the synthesis of silicon oxide as protective coating material for 
metal nanostructures, titanium oxide was also explored for its strong photocatalytic 
effect and ease-of-preparation as a coating material for gold and silver nanoparticles. 
For future explorations of more complex multifunctional nanocomposites, magnetic 
properties could be added into our titania-coated metal nanoparticles using magnetic 
nanomaterials such as iron oxide nanoparticles for easy separation and retrieval after 
catalytic reactions.  
 
Chapter 6. The subsurface imaging technique was demonstrated for agglutinated 
particle assays using different core-labeling schemes. Our current work includes 
further improving its reliability and reproducibility for multiplexed biosensing 
applications. More complex core-shell architectures might be characterized using this 
imaging technique, such as oxide nanostructures embedded with nanorods, nanocages 
and nanohelix metal cores.  
 
Chapter 7.  We are currently studying the effect of different hole sizes and shapes, 
for example, elliptical or chiral shaped holes to have unique plasmonic effects. The 
use of bimetallic silver-gold metal nanohole structures would also aid in the 
development of future nanohole SPR sensors. It would be interesting to explore the 
combination of nanoholes with nanoparticles, which might provide additional tunable 
parameters for plasmonic SERS applications. 
 
 
